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FOREWORD 

The Reactor Development P r o g r a m P rog re s s Report, issued 
monthly, is intended to be a means of reporting those items 
of significant technical progress which have occurred inboth 
the specific reactor projects and the general engineering r e ­
search and development p rograms . The report is organized 
in accordance with budget activities in a way which, it is 
hoped, gives the c leares t , most logical overall view of prog­
r e s s . Since the intent is to report only items of significant 
p rogress , not all activities are reported each month. In 
order to issue this report as soon as possible after the end 
of the month editorial work must necessar i ly be limited. 
Also, since this is an informal progress report , the results 
and data presented should be understood to be prel iminary 
and subject to change unless otherwise stated. 

The issuance of these reports is not intended to constitute 
publication in any sense of the word. Final results either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
reports . 

The last six reports issued 
in this ser ies a re ; 

April-May 1969 ANL-7577 

June 1969 ANL-7581 

July 1969 ANL-7595 

August 1969 ANL-7606 

September 1969 ANL-7618 

October 1969 ANL-7632 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for November 1969 

EBR-II 

The test-1 instrumented subassembly was installed in the reactor , 
given a successful operational checkout, and then removed from the core. 
The instrument leads were cut cleanly by the lead-cutting tool; the sub­
assembly separated smoothly from its extension tube. The tes t -2 (fueled) 
instrumented subassembly is in the pr imary tank being made ready for 
installation in the core. 

Personnel entered the air cell of the Fuel Cycle Facility for the 
first time since the cell began closed operation in 1965. Direct maintenance 
is being performed on equipment that could not be serviced remotely during 
the more than four years of closed operation. Concurrently, electr ical , 
instrument, and pneumatic services are being installed for new in-cell ex­
amination equipment. 

The 18 unique xenon tags on hand are estimated to be sufficient for 
EBR-II xenon-tagging needs through mid-1970. Efforts a re made to ensure 
a sufficient number of the tags for future needs. Two new ser ies of xenon 
tags are being developed and techniques for injecting and measuring the 
tags a re being refined. 

ZPR-3 

Assembly 58, a simple, benchmark, plutonium-carbon system, has a 
cr i t ical mass of 101.63 kg Pu-239 and 0.28 kg Pu-241. The depleted-uranium 
reflected core was assembled unsymmetrically about the reactor midplane 
to accommodate a subsequent lead-reflected core. Effective source strength, 
rod worth, and central neutron spectrum have been measured. 

ZPR-6 

The loading of Assembly 6A, the 4000-liter U core has been com­
pleted. The determination of the cri t ical mass of the uniform core is under 
way. Rod worth, fuel worth, and central neutron spectra in voided and un-
voided regions have been measured. 

ZPR-9 

In preparat ion for the FTR-3 plutonium-core loading, the matr ix 
tubes and drawers were decontaminated and checked for horizontal and 
ver t ical alignment at experimental locations. Inner and outer core regions 
and the reflector have been preloaded with all mater ia l s except fuel pla tes . 



ZPPR 

Computational methods were checked by comparison with worth data 
obtained during the stepwise removal of the boron control ring and the s i ­
multaneous depletion of the central zone in FTR-2; quite satisfactory 
agreement was obtained. The core was further character ized by radial 
react ion-rate t r ave r ses , activation profiles, and central fission ra t ios . 
Before the experiments on the FTR-2 assembly were concluded, m e a s ­
urements of fast-neutron spectra were made by a proton-recoi l technique 
in the reflector and shield. 
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I. LIQUID M E T A L FAST B R E E D E R R E A C T O R S - - C I V I L I A N 

A. P h y s i c s D e v e l o p m e n t - - L M F B R 

1 . T h e o r e t i c a l R e a c t o r P h y s i c s 

a. G e n e r a l R e a c t o r P h y s i c s 

(i) R e s o n a n c e and Dopp le r T h e o r y (R. N. Hwang) 

L a s t R e p o r t e d ; A N L - 7 5 5 3 , pp . 6-7 (Feb 1969). 

It is known tha t the f i s s ion wid ths deduced f r o m v a l u e s of a 
in the keV r e g i o n do not a g r e e wi th t hose deduced f r o m a s i n g l e - l e v e l 
a n a l y s i s of the r e s o l v e d r e s o n a n c e s . The m e a n f i s s ion wid ths (Pf) of the 
r e s o l v e d r e s o n a n c e s a r e c o m p a r e d in T a b l e I .A.I wi th the m e a n v a l u e s , 
wh ich w e r e r e c e n t l y ob ta ined f r o m a - v a l u e s in the keV r eg i o n wi th the 
a s s u m p t i o n of channe l t h e o r y . * D i s a g r e e m e n t s a r e v e r y p r o m i n e n t for 
U-233 and U - 2 3 5 . The following t h r e e c a u s e s a r e c o n s i d e r e d to exp la in 
t h e s e d i s a g r e e m e n t s . 

1) Ff m a y have an i n t e r m e d i a t e f luc tua t ion due to t he 
e x i s t e n c e of the second m i n i m u m poin t in the f i s s i on p o t e n t i a l * * (double -
h u m p e d p o t e n t i a l ) . 

2) As the m e a n va lue is deduced f r o m r e l a t i v e l y few 
r e s o n a n c e s in the r e s o l v e d r e g i o n , the s t a t i s t i c a l dev ia t ion due to the s m a l l 
s a m p l i n g m a y c a u s e t h e s e d i s a g r e e m e n t s . 

3) The r e s o l v e d r e s o n a n c e s m a y not be r e a l r e s o n a n c e s 
but q u a s i - r e s o n a n c e s , ^ as the r a t i o of F / D is l a r g e for the f i s s i l e n u c l i d e s . 
In th i s c a s e two wide r e s o n a n c e s a r e o b s e r v e d as a s ing l e n a r r o w r e s o n a n c e . 

F i r s t , the i n t e r m e d i a t e s t r u c t u r e of Ff is p r o m i n e n t for a 
s u b t h r e s h o l d channe l . Hence th i s effect m u s t be v e r y s m a l l for U - 2 3 3 , 
U - 2 3 5 , and P u - 2 4 1 , as t h e s e n u c l i d e s have at l e a s t one fully open channe l 
for e a c h sp in s t a t e f r o m the a s s u m p t i o n of channe l t h e o r y . * On the o t h e r 
hand, the 1 s t a t e of P u - 2 3 9 h a s only a s l i gh t ly open channe l and the i n t e r ­
m e d i a t e s t r u c t u r e of Ff is v e r y i m p o r t a n t . The giant r e s o n a n c e - l i k e 
b e h a v i o r of a. and Of can be exp la ined wi th th i s i n t e r m e d i a t e s t r u c t u r e of 
Ff. Th i s p r o b l e m of Ff for P u - 2 3 9 is v e r y i n t e r e s t i n g and v e r y c o m p l i c a t e d . 
H e r e U - 2 3 3 , U - 2 3 5 , and P u - 2 4 1 will be c o n s i d e r e d . 

Kikuchi. Y., and An. S.. submitted to ]. Nucl. Sci. Tech. 
**Lynn, J. E.. AERE-R-5891 (1968). 

+ Lynn. J. E.. The Theory of Neutron Resonance Reactions, Clarendon Press. Oxford (1968). 



TABLE I.A.I, Comparison of the Average Fission Widths 
Deduced from Average Values of a and 

from the Resolved Resonances 

Nuclide 

23-^U 

"=u 

" ' P u 

" ' P u 

J " 

2 + 
3 + 

3 -
4" 

0+ 
1 + 

2 + 
3 + 

Ff from a' 
(MeV) 

1140 
467 

380 
210 

2600 
12 

654 
280 

Fj from the Resolved Resonances 

314 {E^ < 60 eV)° 

65,1^ (E^ < 50) or 122^ (E^̂  < 61) 

2800̂ = 
55 

443d 

280 

Kikuchi, Y., and An, S., submitted to J. Nucl. Sci. Tech. 
^Stern, J. R., BNL-325, 2nd ed., Suppl. 2. 
'^Schmidt, J. J., KFK-120 (1966). 
^^Yiftah, S., et al., IA-1152 (1967). 

Secondly, the statistical deviations due to the small sampling 
are investigated. The random-number method is used for this purpose. The 
process is as follows; 

The mean values of fission width, reduced neutron width, 
and level spacing are given as the input data. The mean values deduced 
from the value of a in the keV region are used for the input data for fission 
width. The energies and the resonance paramete rs of each resonance are 
determined from these input data and random numbers using the Wigner 
distribution and the X^ distribution, respectively, below several tens of eV. 
From this set of resonance levels, the averaged value of the fission width, 
the capture and fission cross sections, and a are calculated. These 
average values are expressed with a bar (Ff, Of, O ,̂, a). This Ff is, of course, 
different from the input value because of the statist ical deviation of the 
small sampling. 

The calculations are repeated 4£0 times_for each nuclide in 
order to study the statistical behavior of Ff, af, a^, and a. The mean values 
of £ach averaged value after 400 histories are expressed by a bracket 
(<Ff>.,.<a.->). 

The input data and the mean values of 400 his tor ies are 
listed in Table I.A.2. The 90% confidence intervals are tabulated and com­
pared with the resolved resonance pa ramete r s in Table I.A.3. 



TABLE I.A.2. Input and Output Mean Values 

Spin Energy Range: <63 eV <63 eV 

Input D, eV 

r°„. (MeV)'^' 

Ff, MeV 

^f 

r , MeV 

Output <?£>, MeV 

<f[^-^''' '>,' MeV 

<a> 

<0f>. b 

<a^>. b 

1.88 

0.207 

1139 

4 

45 

1133 

0 

1.62 

0.178 

467 

2 

45 

458 

772 

.169 

84.7 

14.0 

1.06 

0.097 

380 

3 

47.9 

377 

0 

1.06 

0.097 

212 

2 

47.9 

210 

293 

.362 

67.4 

24.0 

2.04 

0.265 0 

655 

2 

44 

661 

453 

0.418 

83.1 

33.6 

1.76 

.229 

280 

1 

44 

276 

Mean value of both spin sequences. 

TABLE I.A.3. The Deviation of the Average Values 

(90% Confidence Intervals) 

a(./<0(-> 

O£/<0f> 

a / < a > 

^ ( J - M i x ) / ^ ^ ^ 

Ff in resolved region 

r"f/<"r> 

0.66 

0.70 

0.61 

0.79 

0.72 

i.65 

1.36 

1.60 

1.20 

1.29 

0.44 (BNL-325) 

0.66 1 

0.69 1 

0.68 1 

o.sg 1 

0.74 1 

0.81 1 

.39 

.31 

.39 

.20 

.27 

.18 

0.22 {BNL-325) 

0.42 ( E N D F / B ) 

0.53 

0.66 

0.55 

0.71 

0.62 

0.76 

(2+) 0.68 

(3 + ) 0.61 

1 

1 

1 

1 

1 

1 

(lA. 

.65 

.41 

.77 

.34 

.40 

.26 

•1152) 

Although 400 histories are not enough, the following rough 
conclusions are possible: 

1) The statistical deviation of Ff is small, although those 
for Of, 'o^, and a are relatively large. 

2) The disagreements between the fission widths deduced 
in the keV region and those in the resolved region cannot be explained on the 
basis of statistical behavior for U-233 and U-235, 

3) The average fission widths in the resolved region are 
just on the minimum border line of 90% confidence intervals for Pu-241, 
and the decision is very difficult. 



Finally, quasi-resonance interpretation will be discussed. 
When the ratio F / D is large, the observed resonances do not correspond to 
the eigenstates of the R matrix, but to quasi-resonances in which the mean 
fission widths of the levels are greatly underest imated and their spacing 
overestimated because of the interference between levels. 

The probability of occurrence of the quasi-resonance was 
proposed by Lynn.* He considered the relative magnitude of the sum of the 
total widths (x) of two neighboring levels to their spacing (D). According to 
his cr i ter ia , the probability that x is greater than a factor of k multiplied 
by D is given as 

P . ( x . k D ) = ^ ( ^ ) ' ^ r d D e - D V . D ^ f ^ d x x ^ ' 
- 1 „ V X / 2 X 

U X X 

kD 

w h e r e v i s the n u m b e r of d e g r e e s of f r e e d o m of to ta l width . A s l igh t q u a s i -
r e s o n a n c e effect wil l a p p e a r for k 2: 2 and d r a m a t i c q u a s i - r e s o n a n c e effects 
can be expec t ed for k £: 4 . 

In our c a s e w h e r e the f i s s i on wid ths p r e d o m i n a t e o v e r the 
o t h e r p a r t i a l w id ths , we can r e p l a c e the to ta l wid ths wi th the f i s s i o n w i d t h s . 
The p r o b a b i l i t i e s of o c c u r r e n c e for the q u a s i - r e s o n a n c e a r e c a l c u l a t e d and 
shown in T a b l e I ,A,4 for each spin s t a t e , 

T A B L E I ,A,4, The P r o b a b i l i t i e s of Q u a s i - r e s o n a n c e Ef fec t s 

Nuc l ide Spin Vf P(X ^ D ) P(X ^ D) 

' P u 

2 + 
3 + 

3 -
4 -

2 + 
3 + 

4 
2 

3 
2 

2 
1 

0,25 
0,10 

0.19 
0.10 

0.10 
0.036 

0.099 
0.056 

0.056 
0.029 

0.029 
0.0097 

Suppose that the wid ths of the q u a s i - r e s o n a n c e s a r e n e g l i ­
gibly s m a l l and < Ff> va lue s a r e c o r r e c t e d to be s m a l l e r . The c o r r e c t e d 
< Ff > a r e t abu la t ed and c o m p a r e d wi th the r e s o l v e d r e s o n a n c e p a r a n a e t e r s 
in T a b l e I .A .5 . 

As a final conc lus ion , d i s a g r e e m e n t s for U-233 and U-235 
cannot be expla ined , even if the q u a s i - r e s o n a n c e effects a r e c o n s i d e r e d . 

Lynn, J. E., The Theory of Neutron Resonance Reactions, Clarendon Press, Oxford (1968). 



TABLE I.A.5. The Comparisons after Corrected with the Quasi - resonance Effect 

ff (MeV) 

z^ 
3+ 

J -mix 

3 " 
4 -

J -mix 

2+ 
3+ 

J -mix 

855 
420 
611 

304 

191 
247 

595 
266 
418 

Nuclide Spin Mean Value 90% Confidence Interval Ff in Resolved Region 

675-1026 
302-542 
501-727 314 

243-365 
141-243 
200-291 65.1 or 121 

422-797 443 
'Pu 3̂ ^ 266 165-372 280 

318-526 

The f i s s ion wid ths f r o m channel t h eo ry a r e not defined 
p r e c i s e l y for U-233 and P u - 2 4 1 b e c a u s e of l ack of suff icient e x p e r i m e n t a l 
da ta for a f r o m which they a r e deduced . The f i s s ion widths of U-235 a r e , 
h o w e v e r , deduced v e r y p r e c i s e l y . Hence it is v e r y d i s t u r b i n g that the 
d i s a g r e e m e n t s for U-235 cannot be expla ined by m e a n s of the t h r e e p o s s i b l e 
c a u s e s c o n s i d e r e d above . This p r o b l e m will be p u r s u e d . 

(ii) A n a l y s i s of N e u t r o n i c C h a r a c t e r i s t i c s of R e a c t o r s and 
F u e l C y c l e s (D. A. Mene ley ) 

L a s t Repo r t ed ; A N L - 7 6 3 2 , pp . 2 -4 (Oct 1969). 

An eva lua t ion of n e u t r o n c r o s s s e c t i o n s to be u s e d in the 
c o r e des ign s tudy of a 1000-MWe L M F B R has been conduc ted . The s tudy 
has c e n t e r e d a round the c r o s s s e c t i o n s p r o d u c e d f rom E N D F / B , and a l s o 
a round mod i f i ca t i ons of t hose c r o s s s e c t i o n s for U-238 and P u - 2 3 9 . The 
eva lua t ion c o n s i s t e d of c o m p a r i n g n e u t r o n i c quan t i t i e s c a l c u l a t e d wi th 
E N D F / B and modif ied c r o s s s e c t i o n s to e x p e r i m e n t a l r e s u l t s for a p p r o ­
p r i a t e c r i t i c a l a s s e m b l i e s . 

The mod i f i ca t ions a r e b a s e d on r e c e n t e x p e r i m e n t s and 
ana ly t i ca l c o m p a r i s o n s . R e c e n t m e a s u r e m e n t s at A r g o n n e of the U-238 
c r o s s s e c t i o n s have r e s u l t e d in l o w e r va lues of the i n e l a s t i c - s c a t t e r i n g 
c r o s s s e c t i o n above 1 .0 MeV. S m a l l changes in o(r),7) of U-238 have been 
inc luded be tween 4 and 100 keV. The P u - 2 3 9 c a p t u r e and f i s s ion c r o s s 
s e c t i o n s of P i t t e r l e have been modif ied be tween 2 and 183 keV to take 
accoun t of the eva lua t ion of J a m e s and P a t r i c k * and the f i s s i o n - r a t i o 
(^^ 'Pu/"^U) m e a s u r e m e n t of P o e n i t z , * * but the va lues of a have been he ld 
c o n s t a n t . 

*James, G. A., and Patrick, B. H.. AERE-M-2065 (Amended) (1965). 
**Poenitz, W., Trans. ANS 12(2). 742 (1969). 



The neutronic pa rame te r s obtained with the new c r o s s -
section set, as well as a set generated from an ear l ie r edition of ENDF/B, 
were compared with experimental resul ts from ZPR-3 Assembly 48 and 
ZEBRA 3. Both crit ical assemblies were loaded with Pu-239 and U-238. 
Assembly 48 also contained sodium and carbon, which resulted in a softer 
spectrum than exhibited by ZEBRA 3. The atom densities for Assembly 48 
and ZEBRA 3 are given in Table I.A.6. The values for the 1000-MWe core 
are provided for comparison. 

TABLE I,A.6. Core Compositions of Assembly 48, ZEBRA 3, 
and 1000-MWe LMFBR ( lO" atoms/cm^) 

N u c 

P u -

P u -

P u -

P u -

:lide 

2 3 9 
2 4 0 

2 4 1 

2 4 2 

U-235 
U-238 
F e 

N i 

C r 

N a 

M n 

M o 
A l 

C 

C u 

T a 
O 

A s s e m b l y 48 

1.645 
1,07 

1 .1 
4 

1.6 

7.405 
1.018 
1.119 
2.531 

6.23 
1.06 
2.06 
2.33 

2.077 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10-^ 
10-* 
10-^ 
10-7 
10-^ 
10-^ 
10-2 
10-3 
10-5 
10-5 
10-* 
10-* 
10-* 
10-2 

Z E B R A 3 

3.465 
1.83 

1.6 

2.28 
3.156 
4.559 

3.21 
8.18 

4 .794 

X 

X 

X 

-
X 

X 

X 

X 

X 

-
-
-
-
-
X 

-
-

10-5 
10-* 
10-^ 

10-* 
10-5 
10-5 
10-* 
10-* 

10-5 

1000 -MWe 
L M F B R ^ 

8.6976 X 
3.683 X 

4 .9699 X 
2 .6105 X 
1.0387 X 
6.7042 X 

1.325 X 
2.32128 X 

3.2884 X 
7.7833 X 

. 
4.836 X 

-
-
-

9.0688 X 
1.6681 X 

10-* 
10-* 
10-^ 
10-5 
10-5 
10-5 
10-2 
10-5 
10-5 
10-5 

10-* 

10-5 
10"2 

F i s s i o n p r o d u c t s not inc luded in t a b l e . 

The n e u t r o n c a l c u l a t i o n s w e r e c a r r i e d out in the s a m e p r o ­
c e d u r e as w e r e u s e d in b e n c h m a r k s t u d i e s of the C r o s s Sec t ion E v a l u a t i o n 
Work ing Group (CSEWG).* F i r s t , two 26 b r o a d - g r o u p s e t s w i th l / 2 l e t h a r g y 
widths w e r e g e n e r a t e d by MC^ us ing the c u r r e n t E N D F / B l i b r a r y t ape and 
c o r e c o m p o s i t i o n s of A s s e m b l y 48 and Z E B R A 3. The P i t t e r l e da t a for 
P u - 2 3 9 w e r e u s e d to g e n e r a t e the weight ing s p e c t r a for the two s e t s . The 
o t h e r nuc l ide da ta e m p l o y e d in p r o d u c i n g the we igh t ing s p e c t r a w e r e the 
s a m e as for the e a r l i e r E N D F / B . 

Davey, W. G., and Hess, A. L., CSEWG Newsletter, Feb. 21, 1969. 



Then a s e r i e s of s p h e r i c a l t r a n s p o r t (S^^ = 4) c a l c u l a t i o n s 
w e r e p e r f o r m e d to eva lua t e the effect of the v a r i o u s c r o s s s e c t i o n s on the 
e igenva lue of A s s e m b l y 48 and Z E B R A 3. The r e s u l t s a r e p r e s e n t e d in 
T a b l e I ,A .7 , A p r e v i o u s l y deve loped c r o s s s ec t i on se t , * which was ob ta ined 
f r o m an e a r l i e r E N D F / B tape wi thout P i t t e r l e ' s da ta for P u - 2 3 9 , s e r v e d as 
the se t for C a s e A, The new E N D F / B t ape , with both old and new da ta , w a s 
u s e d to p r o d u c e the new c r o s s - s e c t i o n se t for C a s e s B th rough G. C a s e s C 
t h r o u g h G r e p r e s e n t v a r i a t i o n s upon the b a s e p r o b l e m . C a s e B. 

TABLE X.A.7. Eigenvalues Obtained for ZPR-3 Assembly 48 and ZEBRA 3 
fronn Spherical Transport Calculations Using Various Cross Sections 

Case: 

Critical 

ZPR-3 
Assembly 48 

ZEBRA 3 

"Old" Set 

A 

Earl ier 
E N D F / B 

0.9865 

0.9536 

B 

Pit terle 's 
Pu-239 

0.9882 

0.9752 

C 

Mod. 
U-238 

1.0038 

1.0033 

New" Set with Present E N D F / B 

D 

Mod. 
U-238, Pu-239 

0.9957 

0.9990 

E 

Case A's 
Pu-239 

0.9878 

0.9567 

P 

F 

itterle 's 
Mo 

0.9895 

G 

U-238 I 

0.9894 

0.9911 

C a s e B di f fers f r o m C a s e A only in that P i t t e r l e ' s da ta for 
P u - 2 3 9 w e r e u s e d in the g e n e r a t i n g of the weight ing s p e c t r a and in c a l c u ­
l a t ing the e i g e n v a l u e s . The b r o a d - g r o u p c r o s s s ec t i ons for U-238 have 
been modi f ied in C a s e C, and t hose for both U-238 and P u - 2 3 9 have been 
modi f i ed in C a s e D (as d e s c r i b e d above) . C a s e E u s e d the P u - 2 3 9 c r o s s 
s e c t i o n s f r o m C a s e A and the c r o s s s e c t i o n s f rom C a s e B for al l o t h e r 
n u c l i d e s ; new m o l y b d e n u m c r o s s s e c t i o n s w e r e subs t i t u t ed for the p r e v i o u s 
ones in C a s e F . C a s e G u s e d U-238 c r o s s s ec t i ons in which p r e v i o u s to ta l 
i n e l a s t i c da ta ob ta ined at ANL w e r e s u b s t i t u t e d for the E N D F / B v a l u e s . 

The u s e of the new c r o s s - s e c t i o n se t with i ts v a r i o u s 
m o d i f i c a t i o n s b r i n g s the e igenva lue s of A s s e m b l y 48 and Z E B R A 3 c l o s e r 
to uni ty . The e i g e n v a l u e s ob ta ined wi th the modif ied P i t t e r l e ' s P u - 2 3 9 and 
U-238 ( E N D F / B ' S ) c r o s s s e c t i o n s a r e 0.9957 for A s s e m b l y 48 and 0.9990 
for Z E B R A 3. The modi f i ca t ion for m o l y b d e n u m (Case F ) r e s u l t s in an 
add i t iona l 0.13% i n c r e a s e in kgff. The u s e of P i t t e r l e ' s P u - 2 3 9 da ta 
(unmodif ied) i n s t e a d of the E N D F / B da ta y ie lds an ~0 .5% and ~ 2 . 3 % i n c r e a s e 
in the e igenva lue of A s s e m b l y 48 and ZEBRA 3, r e s p e c t i v e l y ( C a s e s B a n d E ) . 
A l a r g e r i n c r e a s e of the e igenva lue wi th P i t t e r l e ' s da ta was s e e n in Z E B R A 3 
b e c a u s e i t s h a r d e r s p e c t r u m r e d u c e s the nega t ive effect of a h ighe r c a p t u r e 
c r o s s s ec t i on in the low keV reg ion , whi le the p o s i t i v e con t r i bu t ion of 
h i g h e r v v a lue s r e m a i n e d r e l a t i v e l y unchanged . The modi f i ca t ion of the 
U-238 i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s p r o d u c e d (Case C) an i n c r e a s e 
in the kgff 's of both c r i t i c a l s ; the l a r g e r i n c r e a s e in Z E B R A 3's e i genva lue 
is aga in due to i ts h a r d e r s p e c t r u m . The e igenva lue s of both c r i t i c a l s w e r e 
r e d u c e d by 0 .5 -0 .7% upon the modi f i ca t ion to P i t t e r l e ' s P u - 2 3 9 c r o s s s e c ­
t ions ( C a s e D ) . 

*Kallfelz, J. M., et al̂ .. ANL. private communication. 



As was mentioned previously, the weighting spectra of the 
new and old cross-sect ion sets were generated from different Pu-239 data; 
otherwise they were produced in an identical manner. The influence of the 
slightly different weighting spectra is seen in the slightly different resul ts 
for Cases A and E, The change of U-238 inelastic cross section in (Case G) 
resulted in increasing the eigenvalue of both cr i t icals , but not as large as 
was produced by the modification in Case C, 

The modifications to the present ENDF/B improve agree­
ment between the measured and calculated values presented here and are 
being incorporated into the cross section set for the core design study, 

b. Fas t Critical Exper iments--Theoret ical Support--Idaho 

(i) ZPR Heterogeneity Method Development (W. G, Davey and 
R, G, Palmer) 

Last Reported; ANL-7606, pp, 8-11 (Aug 1969). 

(a) Extended Equivalence between Homogeneous and 
Heterogeneous Resonance Integrals in Slabs, Currently nearly all codes for 
preparation of cross-sect ion sets utilize the two-region cell equivalence 
principle in the resonance-energy range. This method gives good resul ts 
for the usual arrangement of power-reactor pin fuel. In many of the zero-
power fast cr i t icals , however, a given resonance absorber can exist in 
plates at different concentrations and with different diluents. For example, 
U-238 in the ZPPR materials inventory exists in the forms UsOg, U, 
Pu-U-Mo, and UOj. The object of this study has been to extend the equiva­
lence relation from the A-M-A-M... lattice to an A-Ml - B-M2-A... lattice 
and possibly beyond. Here M represents a diluent plate. 

Based on Wigner's rational approximation, a typical 
equivalence relation is^ 

°P = " P ^ T S I +\b- ' l)c- (1) 

The no ta t ion th roughout is tha t of Dresner;' '"!' a and b a r e e m p i r i c a l con ­
s t a n t s , u s u a l l y about 1.27 and 1.2, r e s p e c t i v e l y . In apply ing th i s s i m p l e 
equ iva l ence p r i n c i p l e (SEP) to a l a t t i c e wi th four r e g i o n s p e r uni t c e l l , one 
is f o r ced to i gno re any d i f fe rence be tween a b s o r b e r p l a t e s and to a v e r a g e 
the Dancoff f a c t o r s of the di luent p l a t e s . The d e r i v a t i o n of the S E P h a s 
been modif ied to t r e a t f o u r - r e g i o n c e l l s . 

Levine, M. M., Resonance Integral Calculations for U-238 Lattices, Nucl. Sci, Eng, 1£, 271 (1963). 
'•'Dresner, L,, Resonance Ahsorption in Nuclear Reactors, Pergamon Press (1960), 



The r e s u l t i n g ex tended equ iva l ence p r i n c i p l e ( E E P ) for 
a b s o r b e r a t o m s in P l a t e A is 

I = KOr^A) + T T ^ : - ^ - [ l ( O n B ) ' K O D A ) ] ' ^pA^ 
N A ^ A + N B ^ B 

^pB^ -'pA'' (2) 

w h e r e 

' 'pA = ' 'pA + 
a{l - c ^ -f (1 - Cave) '< :NB-«B} 

N A ^ A 1 + — ^ r - C a v e + ' < : N B % 
^ A - ' A 

1 + ( b - l ) C a v e 

H e r e I(Op) is the h o m o g e n e o u s r e s o n a n c e i n t e g r a l c o r r e s p o n d i n g to a non-
r e s o n a n t c r o s s s ec t i on Op. If cj and C2 a r e the Dancoff f a c t o r s for the two-
m o d e r a t o r r e g i o n s , Cgyg = (c, + C2)/2 and c^ = C1C2. Bes t v a l u e s of a and 
(C a p p e a r to be 0.5 and 100, r e s p e c t i v e l y . Note that the E E P r e d u c e s to the 
S E P for the c a s e in which the A and B p l a t e s a r e iden t ica l and Cj = Cj, 

E x t e n s i v e n u m e r i c a l c o m p a r i s o n s w e r e m a d e of the 
a c c u r a c y of the two equ iva l ence p r i n c i p l e s , as appl ied to f o u r - r e g i o n uni t 
c e l l s . The t r a n s p o r t t h e o r y code RABID was u s e d to co mp u t e exac t r e s o ­
n a n c e i n t e g r a l s for a wide r a n g e of p a r a m e t e r s . The a b s o r b e r p l a t e s w e r e 
t aken to be 0.5 c m th ick , and t he i r a b s o r b e r a t o m d e n s i t i e s a l lowed to v a r y 
f r o m 0.0001 to 0.05 cm-5 with the r e s t r i c t i o n that Ny^ and N B n e v e r differ 
by m o r e than a fac to r of 10 for any given l a t t i c e . The m o d e r a t o r r eg ion 
t h i c k n e s s e s v a r i e d f r o m 0.1 to ~5 m e a n f ree p a t h s . Admixed d i luent in the 
a b s o r b e r p l a t e s was p e r m i t t e d in wide ly v a r v i n g a m o u n t s . Typ ica l U-238 
r e s o n a n c e s w e r e examined s ingly and in g r o u p s , and the E E P was n e v e r 
found to be in e r r o r by m o r e than 6%. However , the S E P v a r i e d c o n s i d e r a b l y 
in i t s a c c u r a c y . The r e s u l t s a r e given in Tab le l .A .8 . 

TABLE I.A.8. Comparison ot Calculations of the Eflec'i« Resonance Integral II) 
by the Simple Equivalence Principle and the Extended Equivalence Principle 

(atoms/cm3| Absorber Ratio 

Plate B 

Absorber Diluent to 
{atoms/cm^) Absorber Ratio 

Moderator 
Plate 

Thickness 
(mtpl 

% Error in 1 

A-Plate 8-Plate A-Plale B-Plate 

o.ms 
0.393 
3.14 

o.m 
0.393 
3,14 

51 

a 
2.2 

2» 
lO.S 
2.0 

-3.5 
0 1 

Resonance Parameters: Eo • 3783.7 eV; T^ - 0.2768 eV; Ty • 0.0246 eV; g • 1,0. 

"foison. Ame. P., Resonance Absorption in Multiplate Reactor Cells by Integral Transport Theory, Trans. Am. 
Nucl. Soc. 11. 301(1968). 
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2. Experimental Reactor Physics 

a. Fas t Crit ical Exper iments- -Exper imenta l Support--Idaho 

(i) Neutron-spectrum Measurements- -Sys tem Development 
(S. G. Carpenter and G. G. Simons) 

Last Reported; ANL-7561, pp. 3-4 (March 1969). 

A small pulse-shape-identification (PSI) circuit designed 
to distinguish between neutron- and gamma-ray-induced pulses in the 
NE-213 scintillation solution has been constructed. This circuit , shown in 
Fig. I.A.I, is an integral part of an operating high-efficiency fast-neutron-
spectrometer detector assembly consisting of the liquid organic scintillation 
solution, light pipe, photomultiplier tube, tube voltage divider, preamplifier , 
and static shield. 

Identification of 7 radiation and neutrons is obtained by 
comparing the shape of the pulse generated at the 14th dynode of an 
RCA 6810A photomultiplier tube with a fixed pulse shape obtained by dif­
ferentiating and stretching the pulse generated by the current from the anode. 

Following such identification in the above PSI circuit , the 
PSI pulses are amplified and shaped in a pulse-shaping linear amplifier in 
order to facilitate leading edge timing. The resulting separated logic signals 
are unique in time for gamma rays and neutrons. 

(ii) Neutron Spectra Measurements in FTR-2. Measurements 
of fast-neutron spectra were made over the energy range from 329 eV to 
2.37 MeV with the proportional proton-recoil spectrometer in the reflector 
and shield of the Z P P R / F T R - 2 . Neutron spectra were measured close to the 
axial midplane at matr ix positions 137-23 and 137-15, which correspond to 
locations near the center of the reflector and shield annuli, respectively 
(see Progress Report for October 1969, ANL-7632, Fig. I.A.5, p. 17). 

The neutron spectrum measured in the reflector is shown 
in Fig. I.A.2. For this measurement, the fueled safety, control, and poison 
safety rods were completely withdrawn. Under these conditions, the reactor 
was 1.67% Ak/k subcritical. 

During the shield-spectrum measurement (see Fig. I.A.3) 
the reactor was 0.0896% Ak/k subcrit ical . All the poison rods were com­
pletely withdrawn. Also, Control Rods No. 1 at (135-39), No, 3 at (139-43), 
and No, 4 at (239-43) were completely withdrawn. Control Rods No, 2 at 
(239-35) and No, 5 at (139-35) and all fueled safety rods were completely 
inserted, while Control Rod No, 6 at (235-39) was withdrawn 1.704 in. 



ALL CAPACITORS IN 
MICROFARADS UNLESS 
SPECIFIED 

CRiaCRZ 
1 -i- HPA 2800 

Fig. I.A.I. Circuit for Pulse-shape Identification 
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' ° ENERGY (keVl ' ° 

Fig. I.A.2. ZPPR-l/FTR-2 Reflector Spectrum at Mauix Position 137-23 9/18/69 

10*' K)*= 
ENERGY (keV) 

Fig, LA,3, ZPPR-l/FTR-2 Shield Spectrum at Matrix Position 137-15 9/18/69 

The da ta in the r e f l e c t o r s p e c t r u m c l e a r l y r e f l e c t the 
p r e s e n c e of the n icke l , which has l a r g e c r o s s - s e c t i o n r e s o n a n c e s at 15,5 
and 65 keV, The c r o s s - s e c t i o n nniniina in the n icke l and i r o n at about 
30 keV and s l ight ly above 100 keV a r e evident , as wel l a s the s o d i u m r e s o ­
nance at 2,8 keV. 

Since the sh ie ld was c o m p o s e d p r i m a r i l y of s t a i n l e s s s t e e l , 
the m a j o r s p e c t r u m shape in the sh ie ld is a r e s u l t of the l a r g e i r on c r o s s -
sec t ion r e s o n a n c e s . However , the c h r o m i u m r e s o n a n c e at 53 keV and the 
sodium r e s o n a n c e at 2,8 keV accoun t for the flux d e p r e s s i o n s at t h e s e 
e n e r g i e s . 
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(iii) Development of Experimental Techniques (S, G, Carpenter) 

(a) l̂ eff Studies 

Not previously reported. 

Experiments have been undertaken to investigate pos­
sible experimental e r r o r s in measuring reactivity. The usual point kinetics 
model has been assumed and a search made for the areas most sensitive to 
the approximations used. 

The input pa ramete r s necessary in any of the various 
methods of measuring reactivity are a power history in relative t e rms , the 
effective delayed-neutron fractions for all isotopes, the neutron lifetime, 
the effective spontaneous neutron source, and the decay const,ant for each 
delayed-neutron group. The importance of the various constants depends 
on the par t icular way the experiment is done. If the reactivity is reported 
in dol lars , one can obtain data so that the resulting reactivity is insensitive 
to all calculated input. The resul ts are almost independent of /''eff and life­
t ime, so that even a poor calculation or reasonable guess is sufficient ( re­
sulting e r ro r <0.1%). 

The relative effective delayed-neutron fractions are 
usually calculated for each core. It is likely that for each isotope producing 
a significant number of delayed neutrons that the relative effectiveness of 
each group is the same since the high-energy importance is a slowly varying 
function, and the fission rate and space distribution of the producing isotope 
are identic?' . The resulting reactivity e r ro r î n a typical cr i t ical for this 
approximation is a fraction of a percent. The relative value between isotopes 
is much less certain since it is necessary to know the relative (3 values, 
fission ra tes , and space distributions. A calculation of these quantities is 
usually performed and the resul ts used without experimental verification. 
There a re only two isotopes in a typical cri t ical assembly which produce 
significant delayed-neutron contributions. The others can be estimated from 
calculation or experiment and entered into the analysis with little resulting 
e r r o r (<1%). 

The most obvious areas of e r ro r then reduce to obtain­
ing the power history which satisfies point kinetics and determining the 
relat ive effective delayed-neutron contributions from the two important 
isotopes. Additionally, counter placement and electronics linearity must be 
studied for each reactor , but this presents no real problem. If a reactivity 
change of a few tens of cents is made in a crit ical assembly operating at a 
high power, the reactivity soon after the change can be calculated, and the 
resul t is insensitive to the split of effective delayed-neutron production 
between the two isotopes. However, as time goes on, an incorrec t assump­
tion will cause the calculated reactivity after the drop to deviate from the 
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in i t ia l c o r r e c t va lue . At even l onge r t i m e s ( lower p o w e r s ) , the a s s u m e d 
spon taneous s o u r c e in the c r i t i c a l wi l l b e c o m e i m p o r t a n t , and th i s m a y 
t h e r e f o r e a l so be found. In p r i n c i p l e , th i s p o w e r h i s t o r y could be u s e d to 
d e t e r m i n e all the d e l a y e d - n e u t r o n p a r a m e t e r s , but in p r a c t i c e it is not 
n e c e s s a r y or r e a s o n a b l e . The da ta of Keep in t o g e t h e r with only the one 
r a t i o of effective b e t a s is suff ic ient to c o r r e l a t e al l the da ta . 

F o u r c o r e s have been s tudied in th is m a n n e r . All the 
r e s u l t s show that the r a t i o of the effect ive d e l a y e d - n e u t r o n p r o d u c t i o n r a t e 
in U-238 to that in the f i s s i l e m a t e r i a l is a few p e r c e n t l e s s than given by 
ca l cu la t ions u s ing MACH-1 diffusion t h e o r y (see T a b l e I .A.9) . An e r r o r 
of th i s magn i tude could e a s i l y a r i s e f r o m e r r o r s in be ta , f i s s i on r a t e , o r 
adjoint flux, and t h e r e is thus no s igni f icant ev idence of a r e a l e r r o r in 
the effective value of be ta for U - 2 3 8 . In any c a s e , an e r r o r of th i s m a g n i ­
tude is of l i t t l e p r a c t i c a l i m p o r t a n c e , s ince it would c a u s e only a 1 or 2% 
e r r o r in the r e a c t i v i t y c a l i b r a t i o n s . The u n c e r t a i n t y in th i s e x p e r i m e n t a l 
r e s u l t l e aves only a s m a l l con t r ibu t ion to r e a c t i v i t y e r r o r . 

TABLE I.A.9. Comparison of Measured and Calculated /Sgff Ratios in Four Cores 

Peff (U-238) 
J3gf£ (Pu-239 or U-235)_ 

r Peff (U-238) 1 /Fissions U-238\ 
uel L^eff (P'^-23'' °'' U-235)J I. Fissions Total / 

Calc Calc 

ZPR-3 Assembly 56 Pu 

ZPPR FTR I Pu 

ZPR-3 Assembly 57 U-235 

ZPPR FTR II Pu 

0.92 ± 0.02 

0.96 ± 0.02 

0.88 ± 0.06 

0 9 3 + 0.03 

0.106 

0.107 

0.053 

0.110 

In c o m p a r i s o n with t h e o r y , a c a l c u l a t e d value for be ta 
effective is u sed to conve r t the m e a s u r e d r e s u l t to the c a l c u l a t e d u n i t s . 
It i s pos s ib l e that any d i f ference be tween e x p e r i m e n t and c a l c u l a t i o n o c c u r s 
in th is c o n v e r s i o n . This a spec t is being s tudied by m e a s u r i n g the a p p a r e n t 
r e a c t i v i t y of a spontaneous n e u t r o n s o u r c e of known s t r e n g t h . T h e m e t h o d 
for a p p a r e n t r e a c t i v i t y m e a s u r e m e n t s is s i m i l a r to tha t d e s c r i b e d above 
for " r e a l " r e a c t i v i t y d e t e r m i n a t i o n s . The r e s u l t , which should be a c c u r a t e 
to 2% o r b e t t e r , including any e r r o r s a r i s i n g f r o m input da ta , is equal to 
Sg/l 'FPeff- The n e u t r o n - p r o d u c t i o n r a t e f r o m f i s s ion in the a s s e m b l y is 
7 F , Using abso lu te f i s s ion r a t e s and f i s s i o n - n e u t r o n i m p o r t a n c e t r a v e r s e s , 
one can then find ^gff- Th i s m e a s u r e m e n t is a l so being m a d e for s e v e r a l 
c o r e s . The r e s u l t s taken toge the r should r e d u c e any r e a c t i v i t y d i s a g r e e ­
m e n t between ca lcu la t ion and e x p e r i m e n t to e i t h e r the c a l c u l a t i o n o r an 
incomple te ca lcu la t iona l d e s c r i p t i o n of the t r u e e n v i r o n m e n t of the p e r t u r ­
bat ion e x p e r i m e n t . 



(b) Development of a Computer Code for Reduction of 
Differential Gamma-ray Data. A prel iminary version of the computer code 
RAID (Reduction of Activation Integral Data) has been made operational on 
the SEL-840 MP. The code provides complete processing of large amounts 
of differential gamma-ray data. 

The code takes magnetic data tapes prepared by an 
SEL-810A (operating as up to three independent multichannel analyzers) 
and provides calibration, peak location and analysis, identification of parent 
isotope, all necessary correct ions , and a thorough statistical analysis of the 
resu l t s . The present version is used for analysis of activation and fission 
data from Ge(Li) detectors only, but the capability is present for use on 
scintillation or solid-state charged-part icle detectors . 

The code consists of three major sections, which 
operate in a chained mode. 

The first section decodes the output of the analyzer-
computer, does certain prel iminary calculations, and sorts data fronn each 
foil into t ime-sequential order for each of the counters being used. Data at 
this point are in the form of 959-channel differential spectra for each time 
each foil was counted. Sense-switch options in this section allow several 
forms for output of raw data. 

The second section of the code determines the location 
of all statist ically significant photopeaks present in each spectrum, and 
finds the appropriate peak integral, background, and statist ical uncertainty 
for each peak. 

The third section finds the appropriate energy cal ibra­
tion for each spectrum as observed, and provides an identification (by iso­
tope, half-life, energy, and transit ion intensity) through reference to a 
l ibrary of gamma-ray data. It then summarizes and statistically analyzes 
up to 40 repeated counts of each gamma ray in each foil, and makes co r r ec ­
tions for decay, saturation, counter efficiency (as a function of energy if 
this is available), and branching of the decay. The final printout for each 
gamma ray is proportional to the absolute concentration of the parent 
isotope. 

The only human intervention in the counting and proc­
essing of the data are 1) to mount the foils in automatic sample changers, 
2) to provide the analyzer-computer with initial conditions, and 3) to change 
the output magnetic tape of raw data from the analyzer-computer to the 
SEL-840 MP. 

The system has been used to obtain and process large 
activation t r ave r ses made in the FTR-2 core in ZPPR. The capability was 
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demonstrated for handling the measurement of the equivalent of 130 separate 
foils in less than 24 hr, and obtaining precisions of the order of 1 or 2% from 
each of them, (These numbers depend on both the half-life and activation 
levels.) 

Modifications to provide more prec ise decompositions 
of the activity of very complicated spectra (such as raw fission-product 
data), a more extensive l ibrary of gamma rays , and to provide additional 
flexibility in counting and calibration methods have been written and will 
be incorporated in the operating system in the near future. 

(c) Development of Back-to-back Proportional Counter 
for Fission and (n,a) Events. A small back-to-back proportional counter 
for the measurement of fission and exothermic (n,a) events in any combina­
tion has been developed. The counter is cylindrical with an outside diameter 
of 0.455 in. and an active length of 2.173 in., which matches the drawer 
width in ZPPR. 

The counter is expected to have application in the 
precise measurement of fission ratios and the comparison of fission in 
several isotopes to capture in B-10 or Li-6 . 

The active material is deposited in plane, back-to-back 
geometry on a stainless steel plate occupying a diameter of the counter. 
The collecting electrode in each half is a grid of three wires located so as 
to optimize the resolution of the counter. When operated in the fission-
counter mode, the polarizing potential is chosen to provide a gas multiplica­
tion of about unity. In the alpha-counting mode, the potential is chosen so 
that the gas multiplication is several thousand. Each half can be operated 
independently and simultaneously, and both halves are operated as flow 
counters using the standard argon-10% methane mixture. 

Normal calibration of the counter in t e rms of mass of 
the active material is intended to be done by comparison to present absolute 
fission counters in a thermal-neutron spectrum. The counter, however, is 
potentially self-calibrating because of the dual operating modes. A fission 
foil can be alpha-assayed internally in the exact geometry that will there­
after be used for the fission-counter mode, to give the absolute fissile mass . 
A simple counting-rate ratio in a thermal spectrum then gives the mass of 
the B-10 in the other half of the counter. 

The development model of the counter consists of a 
U-235 plate of approximately 100 ^lg/cm^ and a B-10 plate of about 
10 /^g/cm^ Additional plates containing Li-6 (as LiF) and natural uranium 
have been prepared by vacuum-deposition techniques. Plates containing 
the plutonium isotopes are being prepared. It has been possible to determine 
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that the thickness variations of the deposits are less than 10% in the worst 
case for the optically t ransparent LiF. The others are presumably similar , 
since the deposition technique was identical. 

The low-energy end of the spectrum observed in either 
the fission or alpha-counting modes is determined by the geometry of the 
counter, and is independent of the energy of the charged part icle , provided 
that certain res t r ic t ions are fulfilled by the range of the par t ic le . 

The shape of the spectrum is such that extrapolations 
from reasonable discr iminator settings can be made with relative confi­
dence. As a fission counter, for example, it is possible to select a set of 
operating conditions that produce a discriminator curve having a slope of 
less than 0,02% change in observed count rate per percent change in dis­
cr iminator level, over at least 20% of the discriminator range. For nominal 
settings of the discr iminator and a linear extrapolation to zero energy, these 
operating conditions yield a spectrum where about l /2% of the fission events 
are below the threshold. 

The performance of the counter on natural alphas of 
U-235 is relatively somewhat better. 

A rough estimate of the gamma sensitivity of the counter 
was obtained by using the counter in the alpha-counting mode and subjecting 
it to gamma rays from a large Co-60 source. Under these conditions, a 
gamma-ray sensitivity of the order of one count per second per R/hr was 
measured. No gamma sensitivity in the fission-counter mode w âs detected 
by this method. , 

The geometry and operating propert ies of the counter 
have been determined to be satisfactory in tests to date. Fur ther investiga­
tions of the gamma sensitivity under real is t ic operating conditions and of 
the response of the counter to alphas from B-10 and Li-6 are desi rable . 
Some work still remains to be done on the mechanical design and electr ical 
connectors for routine use. 

b. Fas t Crit ical Exper iments- -Exper imenta l Support--Illinois 

(i) Development of Experimental Techniques (R. Gold) 

Last Reported; ANL-7606, p. 14 (Aug 1969). 

(a) Status of ZPR-6 and -9 P roces so r . The SEL-840 com­
puter associated with the ZPR-6 and -9 assemblies has not yet been formally 
accepted. Nevertheless , considerable p rogress has been made in preparing 
it for use with the reac tors . Specifically, the following things have been 
done; 
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(1) Two sets of binary sca lers for the collection of 
experimental data have been designed, built, and installed. The f irst set is 
a bank of four binary scalers similar in principle to those used for several 
years on the DDP-24 computer. The second set is a bank of four revers ib le 
binary scalers which can count in either direction. These a re pr imar i ly 
intended for keeping track of the position of control rods and other movable 
eleinents. They incorporate circui t ry allowing the use of "Trav-A-Dial" 
position encoder heads without need for the indicator boxes normally used 
with such heads. 

(2) A complete set of subroutines has been written for 
preparation of graphs on the CalComp plotter. This was adapted from 
similar software used for several years on the DDP-24, and is compatible 
with the latter except for some minor deviations necessitated by the 
SEL-840 environment, 

(3) An "Encode/Decode" routine has been adapted 
from a similar routine previously developed* for the DDP-24. This routine 
is expected to be of great usefulness in fuel-management operations. 

(4) Some of the D D P - 2 4 codes for r e a c t o r e x p e r i ­
m e n t s have been c o n v e r t e d for the S E L - 8 4 0 , and rod c a l i b r a t i o n s for 
Z P R - 9 have been s u c c e s s f u l l y p e r f o r m e d . 

c. F F T F C r i t i c a l A s s e m b l y E x p e r i m e n t s - - P l a n n i n g and 
Eva lua t ion (A, T r a v e l l i ) 

L a s t Repo r t ed ; A N L - 7 6 3 2 , pp. 5-7 (Oct 1969). 

(i) F T R C r i t i c a l P r o g r a m with Z P P R . The e x p e r i m e n t s wi th 
Z P P R A s s e m b l y 1 w e r e conc luded . This Z P P R a s s e m b l y is the A s s e m b l y II 
of the F T R R e s u m e d P h a s e - B C r i t i c a l E x p e r i m e n t s P r o g r a m ( F T R - 2 ) . 
The p r o g r a m wil l now cont inue wi th the F T R - 3 e x p e r i m e n t s to be p e r f o r m e d 
with Z P R - 9 . 

(a) Ca lcu la t ion of the "Worth of Dep le t ing C e n t r a l C y l i n d r i c a l 
Zones of Va r ious S izes in F T R - 2 . The e x p e r i m e n t s in which the nr.r.•^.r.^ ^;^g 
of F T R - 2 was g r adua l l y r e m o v e d in p r e p a r a t i o n for the sh i e ld ing e x p e r i ­
m e n t s involved a l so the p r o g r e s s i v e dep le t ion of a c y l i n d r i c a l zone of the 
c o r e , having the s a m e axis and height as the c o r e i tself . As d e s c r i b e d in 
P r o g r e s s R e p o r t for Oc tobe r 1969, A N L - 7 6 3 2 , p , 14, the r e m o v a l of the 
boron r ing and the deple t ion of the c e n t r a l zone w e r e a c c o m p l i s h e d in a l t e r ­
nat ing s t eps so that the a s s e m b l y could be kept c l o s e to c r i t i c a l i t y at a l l 
t i m e s . Th i s p r o c e d u r e m a d e it p o s s i b l e to a s s e s s a c c u r a t e l y the r e a c t i v i t y 
change a s s o c i a t e d with e v e r y s t ep and p r o v i d e d an effect ive tool for t e s t i n g 
the compu ta t iona l m e t h o d s . 

Cohn. C, E„ Encode-Decode Facility for FORTRAN-IV, Software Age 2(8), 16 (Sept 1968), 
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If the assumption is made that the changes in the control-
ring configuration do not affect to any considerable extent the reactivity 
changes associated with a depletion of the central zone, and that the configu­
ration of the central depleted zone does not affect to any considerable extent 
the reactivity changes associated with the removal of some of the peripheral 
control drawers , then, as a first approximation, the two problems can be con­
sidered separately. The comparison between calculated and measured worths 
of the peripheral control zones was reported in ANL-7632, p. 7. Here we 
describe a s imilar comparison for the worths associated with the steps during 
which the central zone of FTR-2 was progressively depleted of plutonium. 

The calculations were based on the use of the one-
dimensional code DIFF-ID* and of the 29-group cross-sect ion set 29004 
(see P rogres s Report for March 1969, ANL-7561, p. 7). The code was used 
in cylindrical geometry for a configuration that approximated very closely 
the FTR-2 configuration after removal of the peripheral control zones. 

The axial buckling used in the calculations was obtained 
by comparing the reactivity of a two-dimensional R-Z calculation for ZPPR 
Loading 1-120 with the reactivity of a corresponding one-dimensional cylin­
drical calculation, and by modifying the axial buckling in the latter calcula­
tion until the same reactivity was obtained in the two problems. The codes 
DIFF-ID and DIFF-2D, and set 29004 were used in these calculations, which 
yielded the value of 5.905 x 10"'' cm"^ for the axial buckling. 

Figure I,A,4 shows the comparison of the computations 
with the experimental resul ts . The difference in the effective multiplication 
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cons t an t be tween any dep le t ed s t a t e and the m o s t dep le t ed s t a t e c o n s i d e r e d 
in the e x p e r i m e n t s (which c o r r e s p o n d s to 495.077 kg of f i s s i l e m a s s in the 
c o r e ) is p lo t ted v e r s u s the c o r r e s p o n d i n g d i f f e rence in f i s s i l e m a s s . T h u s , 
phys i ca l ly , the f igure dep ic t s the i n c r e a s e in r e a c t i v i t y tha t c o r r e s p o n d s to 
r e p l e n i s h m e n t of the c e n t r a l zone f r o m the ou t s ide ; the l a r g e s t c o n s i d e r e d 
a b s c i s s a (31.964 kg) c o r r e s p o n d s to a c o r e wi thout any c e n t r a l dep l e t ed zone . 
The e x p e r i m e n t a l d i f fe rence in r e a c t i v i t y is ob ta ined by adding up the r e a c ­
t ivi ty changes o b s e r v e d in all the s t e p s u s e d to dep le t e the c o r e f r o m one 
s t a t e to the o the r whi le keeping the p e r i p h e r a l c o n t r o l c o n s t a n t . The c a l c u ­
l a t ions w e r e run by modifying not only the r a d i u s of the d e p l e t e d zone , but 
a l so i ts compos i t i on in a g r e e m e n t with the e x p e r i m e n t a l p r o c e d u r e s . Th i s 
expla ins the s l ight d i f f e rences found in F i g . I .A.4 be tween the c a l c u l a t e d 
poin ts and the smoo th dashed c u r v e tha t b e s t fits t h e m . The c a l c u l a t i o n s , 
however , do not take into account a c c u r a t e l y the axia l d i s t r i b u t i o n of the 
flux, nor the j agged ou t l ines that m a d e the s h a p e s of the e x p e r i m e n t a l l y 
dep le ted zones d i f ferent f rom c y l i n d e r s , nor the i n t e r f e r e n c e that m a y have 
been caused by the p r e s e n c e of the con t ro l z o n e s . E s p e c i a l l y in c o n s i d e r a ­
tion of t he se l i m i t a t i o n s , the a g r e e m e n t be tween e x p e r i m e n t s and c a l c u l a ­
t ions as shown in F i g . I .A.4 m u s t be c o n s i d e r e d qui te s a t i s f a c t o r y . 

3. Z P R - 6 and -9 O p e r a t i o n s and A n a l y s i s 

a. Mockup E x p e r i m e n t s (J. W. Daugh t ry ) 

'"B SAFETY RODS 

N o t p r e v i o u s l y r e p o r t e d . 

( i ) P r e p a r a t i o n f o r F T R - 3 E x p e r i m e n t s . U p o n c o m p l e t i o n of 
t h e e x p e r i m e n t a l p r o g r a m f o r Z P R - 9 A s s e m b l y 2 5 , t h e Z P R - 9 m a t r i x w a s 

c o m p l e t e l y u n l o a d e d i n p r e p a r a t i o n f o r 
t h e F T R - 3 c r i t i c a l e x p e r i m e n t s . A f t e r 
t h e u n l o a d i n g , t h e m a t r i x t u b e s a n d 
d r a w e r s w e r e d e c o n t a m i n a t e d t o r e d u c e 
t h e l e v e l of a c t i v i t y b e f o r e a s s e m b l i n g 
t h e f i r s t p l u t o n i u m - f u e l e d c o r e i n t h e 
f a c i l i t y . 

T h e p r o p o s e d m a t r i x l o a d i n g 

p a t t e r n f o r t h e F T R - 3 c o r e i s s h o w n in 

F i g , I , A , 5 . M a n y of t h e m a t e r i a l s r e ­

q u i r e d f o r t h e l o a d i n g of t h i s c o r e h a v e 

b e e n t r a n s f e r r e d f r o m t h e I d a h o S i t e t o 

t h e I l l i n o i s S i t e . T h e i n n e r a n d o u t e r 

c o r e r e g i o n s h a v e b e e n c o m p l e t e l y p r e ­

l o a d e d w i t h a l l m a t e r i a l s e x c e p t t h e f u e l 

p l a t e s . T h e a x i a l r e f l e c t o r h a s b e e n 

p a r t i a l l y l o a d e d . T h e c o m p l e t i o n of t h e 

a x i a l r e f l e c t o r l o a d i n g a n d t h e l o a d i n g of 

t h e p e r i p h e r a l c o n t r o l z o n e s a n d t h e 
Matrix Loading Pattern 
for FTR-3 in ZPR-9 
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radial reflector must await the completion of the FTR-2 experiments with 
ZPPR and the transfer of nickel and B4C from ZPPR to ZPR-9 . 

The drive units for ten boron rods and ten fuel-bearing 
rods were mounted. The matr ix bundles were checked for horizontal and 
vert ical alignment at the locations of the radial sample changer, Doppler 
oscil lator , fine autorod, and coarse autorod. 

Facility maintenance is continuing, and final preparat ions 
are being made to operate with plutonium fuel. 

4, ZPR-3 and ZPPR Operations and Analysis 

a. Clean Critical Experiments (P, I. Amundson) 

Last Reported; ANL-7632, pp. 12-13 (Oct 1969). 

Assembly 58 has reached criticality, and measurements to 
determine the central neutron spectrum and to calibrate the safety and con­
trol rods have been made. 

Assembly 58 and the subsequent Assembly 59 are to be used to 
study the pers is tent discrepancy between calculated and measured central 
reactivity worths. The basic cell consists of two Pu-Al columns and four­
teen graphite columns, and thus naturally follows in the ser ies of benchmark 
physics assemblies (48, 49, 50, 53, and 54) which have been built on ZPR-3 . 
Assembly 58 has a depleted-uranium reflector, and Assembly 59 will have 
a lead reflector. 

Because the lead will be available only in 4-in. blocks, the core 
was not assembled symmetrical ly about the reactor interface. Eleven inches 
of core and the first 4 in. of axial reflector were loaded into a 15-in. drawer 
for Half 1, and 9 in. of core and all the axial reflector in a 21-in. drawer for 
Half 2. These drawer loadings are shown in Fig. I.A.6. Due to Pu-Al inven­
tory limitations, several different arrangements of fuel plates within the 
columns were necessary . Both nickel-clad and non-nickel-clad plates, as 
well as different s izes, were combined to utilize the available inventory. 

The cri t ical loading is shown in Fig. I.A.7, with 78 drawers in 
each half. Crit icali ty was determined to be with Control Rod 6 withdrawn 
0.66 in. In both halves, the rods and Type-1 drawers contained non-nickel-
clad plates , Type-2 contained nickel-clad plates, and the remainder con­
tained both types. The compositions for all the very s imilar core types, 
a volume-weighted core average, and for the reflector regions are given in 
Table I.A.IO. In order to obtain uniform composition, including the spring-
gap spaces, it was necessary to load the same number of fuel plates in each 
fuel column. The small quantity of Pu-242 has been included in the Pu-240. 
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The P u - 2 4 1 conten t has been c o r r e c t e d for decay (half - l i fe of 13.2 y r ) 
s i nce the a n a l y s i s in 1961, and the l o w - w o r t h d a u g h t e r (Am-241) i g n o r e d . 
The u r a n i u m blocks in the r a d i a l r e f l e c t o r w e r e loaded d i r e c t l y into the 
m a t r i x t u b e s . The r e f l e c t o r c o m p o s i t i o n s differ s o m e w h a t f r o m t h o s e in 
p r e v i o u s Z P R - 3 a s s e m b l i e s as Z P P R p i e c e s w e r e u s e d r a t h e r than the 
Z P R - 3 p i e c e s , which w e r e s t i l l s o m e w h a t ac t i ve af ter the h i g h - p o w e r 
run in A s s e m b l y 57. 
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TABLE I.A.IO. Composition of ZPR-3 Assembly 58 (x 10^' atoms/cci 

Region 

Half 1 Rods 
Type 1 
Type 2 
Type 3 
Type 4 
Type 5 

Half 2 Rods 
Type I 
Type 2 
Type 3 

Core Average 

Radial Reflector 
Axial Reflector 

Spring Gap 

Pu-23') 

2.1054 
2-1054 
2.1012 
2.0906 
2.1097 
2.1232 

2.1012 
2.1012 
2.0972 
2.1072 

2.1024 

-
-
-

Pu-240 

0.1005 
0.1005 
0.0994 
0.0994 
0.1000 
0.1006 

0.1003 
0.1003 
0.0992 
0.0998 

0.I00I 

-
-
-

Pu-241 

0.0055 
0.0055 
0.0063 
0.0O59 
0.0062 
0.0062 

0.0O55 
0,0055 
0.0063 
0.0063 

0.0058 

-
-
-

Al 

0.219 
0.219 
0.199 
0,209 
0.204 
0.204 

0,219 
0.219 
0.198 
0.203 

0.213 

-
-
• 

C 

55.09 
59.33 
59.33 
59.33 
59.33 
59.33 

55.11 
59.35 
59.35 
59.35 

59.07 

-
-
-

Fe 

11.451 
7.383 
7.500 
7.442 
7.482 
7.467 

11.512 
7.401 
7.516 
7.500 

7.689 

4.540 
5.593 

16.85 

Cr 

2848 
1.836 
1.865 
1,851 
1.861 
1.857 

2.863 
1.841 
1.869 
1.865 

1.912 

1.129 
1.391 

4.19 

Ni 

1.247 
O804 
1.115 
0.947 
1.060 
1.054 

1,253 
0.806 
1.115 
1.067 

0928 

0494 
O609 

1.83 

Mn 

0.1189 
0.0767 
0.0779 
O0773 
00777 
O0775 

01195 
0.0768 
0.0780 
0.0779 

00798 

00471 
0.0581 

0175 

Si 

013% 
O0900 
00914 
0.0907 
0.0912 
00910 

0.1403 
O0902 
O0916 
O0914 

O0937 

0.0553 
0.0682 

0,205 

U-238 

. 
-
-
-
-
-
-
-
-
-
-

38.71 
39.05 

-

U-235 

_ 
-
-
-
-
-
-
-
-
-
-

O086 
0086 

-

The m a s s of the c r i t i c a l loading was 101.63 kg P u - 2 3 9 and 
0.28 kg P u - 2 4 1 . A c y l i n d r i c a l p i c t u r e equ iva len t to Loading 12 is s e e n in 

F i g . I .A .8 . The axia l c o r e d i m e n -
I s ions inc lude the f ront f ace s of the 

uAl r I I uAl r ? 

d r a w e r s , w^hich for c o m p o s i t i o n 
p u r p o s e s w e r e s m e a r e d along the 
h a l f - c o r e length . 

RADIAL REFLECTOR RADIAL REFLECTOR 

AXIAL t 

T 
5 l 

RADIAL REFLECTOR 
60.96 

F o r the e x p e r i m e n t s p r o p o s e d 
in A s s e m b l y 58, an e x t r a d r a w e r has 
been added in Half 1, P o s i t i o n K - 1 6 , 
to give the r e q u i r e d e x c e s s r e a c ­
t iv i ty . This was a T y p e - 5 d r a w e r . 
The w o r t h s of one safety rod in e a c h 
half and both the con t ro l r o d s w e r e 
m e a s u r e d by i n v e r s e k i n e t i c s t e c h ­
n i q u e s . The effective s o u r c e s t r e n g t h 
was f i r s t d e t e r m i n e d by p e r i o d m e a s ­
u r e m e n t , a l lowing the w o r t h s and 
w o r t h c u r v e s of the r o d s to be o b ­
ta ined by wi thd rawing fully a s ing le 
rod at a t i m e , f r o m a b a l a n c e d r e -

The r e s u l t s a r e shown in Tab le l . A . l l . The to ta l w o r t h of 

' ALL DIMENSIONS IN CM 
I 

Fig. LA.8. Equivalent Cylindrical Dimen 
sions for ZPR-3 Assembly 58 

a c t o r power 
the e ight sa fe ty r o d s (2.86% Ak/k) was wel l above the r e q u i r e d amoun t of 
1.57o A k / k . The w o r t h c u r v e for Rod 6 showed that fully i n s e r t i n g that 
rod in the r e f e r e n c e loading 12 would have given 
an e x c e s s r e a c t i v i t y of 0.020% A k / k o r 20.8 Ih. 
E x a m i n a t i o n of the a p p r o a c h - t o - c r i t i c a l c u r v e 
showed Rod 6 to be equ iva len t to 0.99 kg edge fuel 
and, a s s u m i n g a l i n e a r wor th c u r v e , the e x c e s s 
r e a c t i v i t y of Load ing 12 c o r r e s p o n d e d to 0.07 kg 
of edge fuel. 

TABLE I.A.IL Worths (% A k / k l 
of Control and Safety Rods 

Safety Rod 3 (Hall 2) 
Safety Rod 7 (Half 1) 
Control Rod 5 (Half 21 
Control Rod 6 (Half II 
Total 8 Safety Rods 

0337 
0.378 
0314 
0248 
2.860 
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b. Measurements of Shielding and Neutron Streaming 
(G. G. Simons) 

Not previously reported. 

The capabilities of measuring fast-neutron spectra pertaining 
to experimental shielding studies have been advanced by the completion of 
a liquid organic proton-recoil- type fast-neutron spectrometer system (see 
Sect. I.A.2.a for a description of the pulse-shape-identification circuit). 
This spectrometer system will be used to map neutron spectra as well as 
attenuation of fast neutrons in blankets, reflectors, and shields in the ZPPR 
and ZPR-3 cr i t icals . Also important shielding data for fast-neutron spectra 
can be obtained using the Argonne Fast Source Reactor. 

c. Mockup Critical Experiments (W. P. Keeney) 

Last Reported: ANL-7632, pp. 14-22 (Oct 1969). 

The experiments with ZPPR Assembly 1 have been concluded. 
This assembly was Assembly 2 of the FTR Resumed Phase -B Crit ical 
Experiments Program. 

In this reporting period, the radial reaction rate t r averses of 
Pu-239, U-238, and B-10 were measured at the 14-in. axial core elevation, 
both with and without fuel in the fuel-storage position, and axial normal iza­
tion measurements were made for these counters on the core centerline at 
elevations of 3, 14, and 22 in. A measurement was made of the effect of 
B4C and shield composition upon the Pu-239 counting rate near the outer 
edge of the shield as the outer shield column was changed from shield to 
void to B4C. Activation profiles of sodium and manganese were made 
throughout the core, reflector, and shield. Thermoluminescence detectors 
were also irradiated for Pacific Northwest Laboratory in the assembly. The 
loading was then changed to the Reference Core (Loading 1-70), leaving the 
shield in place. The central fission ratios and ratio of capture in U-238 to 
fission in U-235 were then measured. Data to aid in the evaluation of a 
method of measuring B-10 (n,a)/U-235 (n,F) with a thin-film detector was 
also taken. 
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B. Component Development--LMFBR 

1. Instrumentation and Control 

a. F F T F Instrumentation (R. A. Ja ross ) 

(i) In-Core Flowmeter (T. P. Mulcahey) 

(a) Tests of Model Probe-type Eddy-eurrent Flowsensors 
( j . Brewer) 

Last Reported: ANL-7632, pp. 31-32 (Oct 1969). 

Stability and sensitivity tests are being performed to aid 
in the determination of a good coil configuration and wire size. Coil-winding 
procedures and specifications for procurement of gold wire a re being 
prepared. 

Ceramic-coated nickel-clad silver wire is being used 
for high- temperature oven tests; f iberglass-insulated and Formvar- insula ted 
copper wires a re being used for low-temperature oven tes ts . Inconel coil 
forms (or "bobbins"), with three coil sections per bobbin, are being used. 
Inconel, copper, and gold have similar thermal-expansion coefficients. 

A three-coi l -sect ion (Probe No. 7) was constructed; 
the cross section of each 15/ l6- in . -OD coil was approximately l /S in. 
deep by l /2 - in . wide. Ceramic-coated nickel-clad silver wire of 15-mil 
diameter was wet-wound on an Inconel-600 bobbin. With 600-mA (rms) 
drive current at 500 Hz, a sensitivity of 0.77 r?iV ( rms) / f t / sec was obtained 
in the oscil latory rig. In an oven test from 700 to l lOCF, there was only 
a 0.1-mV (rms) unbalance signal. At 1200°F and above, the unbalance signal 
increased sharply because of faulty insulation; it recovered to normal during 
the cooling cycle from 950 to 700°F. This configuration showed considerably 
better resul ts than did probe coils of l /4 - in . -deep cross section. 

A three-coi l -sect ion (Probe No. 6-3) was constructed; 
the cross section of each 15/ l6- in . -OD coil was approximately l /4 - in . deep 
by l /2 - in . wide. The wire and winding process were the same as for 
Probe No. 7. With 300-mA (rms) drive current at 500 Hz, a sensitivity of 
1.6 mV ( rms) / f t / sec was obtained in the oscillating rig. In an oven test from 
700 to 1200°F, the unbalance-signal deviation was 1.1 mV (rms) . In the cool­
ing cycle, it followed the same path in return. A similar test exhibited 
0.8 mV (rms) deviation. Another significant observation was that no change 
in phase relation occurred between drive current and unbalance signal from 
700 to 1200°F. 
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Probe No. 8, s imilar to Probe No. 6-3, except dry-
wound with fiberglass-insulated, 10-mil-dia copper wire, was oven-tested 
in the following sequence: 400, 610, 400, 720, 400, 900, 400, and lOOCF, 
with 300 mA at 500 Hz. The unbalance-signal deviation was never more 
than 0.1 mV (rms) except at greater than 900°F, where it changed by 
1.8 mV up to 1000°F. When cooled to 400°F, it returned to the original 
level. An RC-balancing arrangement was also tr ied with this probe and, 
as expected, it was very sensitive to thermal gradients; therefore, it is 
advisable to continue with the voltage-balancing arrangement . 

A Probe No. 9, s imilar to Probe No. 7 except dry-
wound and with eight wire layers per coil instead of six, was fabricated for 
tests to be run piggyback with a permanent-magnet probe in the CAMEL 
loop. With 300-mA (rms) drive current at 500 Hz, it exhibited a sensitivity 
of 0.746 mV ( rms) / f t / sec . With one oven-test from 700 to 1200°F, the 
unbalance signal rose from 0.2 to 0.3 mV (rms); when the probe was cooled 
to 700°F, the unbalance signal returned to 0.25 mV (rms) . This is a total 
deviation of only 0.1 mV (rms) for a f i rs t - run oven test. This probe is 
being tested in CAMEL. 

Three individual coil bobbins to make the equivalent 
of Probe No. 9 have been made and wound with fiberglass-insulated, 10-mil-
dia copper wire to show the magnitude of physical effects on balance. These 
tests were made with 300-mA drive current at 500 Hz. Removal of one turn 
of wire from one secondary coil caused a balance shift of 2.82 mV (rms) . 
Increasing the space between one secondary coil and pr imary coil by 0.001 in. 
caused a balance shift of 0.636 mV (rms). This information is useful for 
determining tolerances for construction. 

Insulating and winding techniques have been improved. 
Plasma-sprayed alumina is being considered for insulation on the Inconel 
bobbins. 

(b) Tests of Model Probe-type Permanent-magnet 
Flowsensors (F. Verber) 

Last Reported: ANL-7632, pp. 32-33 (Oct 1969). 

The variation of sensitivity with magnet width for the 
Type-A flowsensors discussed in ANL-7632 is shown in Fig. I .B. l . It is 
clear that further increase of sensitivity beyond that shown for Flow­
sensor A-4 could be achieved by increasing the width of the magnet. Also, 
indications are that a magnet thickness greater than that shown would 
increase sensitivity. 

The variation of sensitivity with flux density for the same 
Type-A flowsensors is shown in Fig. I.B.2. As indicated, the flux density was 
measured above the neutral of the magnet at the surface of the 1 - in.-dia tube at 
an electrode. 
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Fig. I.B.l. Variation of Sensitivity with Width 
of the Alnico-8 Magnets in the 
Type-A Flowsensors 

Flui Dgniil)!, 6,,, gouii 

Fig. I.B.2. Variation of Sensitivity with Flux 
Density for the Type-A Flowsensors 

F i g u r e I .B.3 shows t e s t da ta for F l o w s e n s o r A-4 o p e r a t i n g 

in the CAMEL, Loop at 320 and 885°F. F o r the m a x i m u m flow v e l o c i t i e s in 

the t e s t s , the s e n s i t i v i t i e s of F l o w s e n s o r A-4 w e r e 0.602 n a V / f t / s e c at 320*^F 

2 0 1 2 
Output Signal, mV 

Fig. I.B.3. Tests of Permanent-magnet Flowsensor A-4 at -320OF (left; temperature rose to ~ 335°F by end of test) 
and--8850F (right) in 4-in. Schedule-10 Pipe Test Section of CAMEL Loop. The calculated sensitiv­
ity of the loop permanent-magnet flowmeter was 0.01485 mV/gpm, so l.Gl mV = 1 ft/sec of sodium 
finw rhroiiph the annulus between the flowsensor and tlie 4-in. pipe test section. 
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CAMEL LOOP (~320-335 'F) 

SODIUM FLOW VELOCITY, tt/sec 

Fig. I.B.4. Comparison of Flowsensor A-4 Output 
Signals when Tested in the Annular 
Induction Pump Loop and in the 
CAMEL Loop 

a n d 0 . 5 9 1 m V / f t / s e c a t 8 8 5 ° F . 

F i g u r e I . B . 4 c o m p a r e s t h e o u t p u t 

s i g n a l s f r o m F l o w s e n s o r A - 4 w h e n 

t e s t e d i n t h e C A M E L L o o p a n d i n 

t h e m o d i f i e d A n n u l a r L i n e a r I n d u c ­

t i o n P u m p L o o p . S u b s e q u e n t l y , t h e 

f l o w s e n s o r w a s r e m o v e d f r o m 

C A M E L L o o p a n d i t s m a g n e t w a s 

t e m p e r a t u r e - s t a b i l i z e d a t 1 3 0 0 ° F 

f o r o p e r a t i o n a t 1 2 0 0 ° F . I t w i l l b e 

r e i n s t a l l e d i n t h e C A M E L L o o p f o r 

f u r t h e r t e s t s t o d e t e r m i n e t h e r e ­

v e r s i b l e t e m p e r a t u r e e f f e c t s a t 

v a r i o u s o p e r a t i n g t e m p e r a t u r e s . 

T h e m a g n e t s u s e d i n a l l t h e 

t h e T y p e - A f l o w s e n s o r s b u i l t a n d 

t e s t e d t o d a t e w e r e e l e c t r i c a l l y i n s u l a t e d f r o m t h e i r T y p e 3 0 4 s t a i n l e s s 

s t e e l e n c l o s u r e s b y t h i n s h e e t s of m i c a . T o d e t e r m i n e h o w t h e o u t p u t 

s i g n a l of a f l o w s e n s o r w o u l d b e a f f e c t e d w i t h o u t s u c h i n s u l a t i o n , F l o w ­

s e n s o r A - 3 w a s c u t o p e n a n d i t s m i c a i n s u l a t i o n w a s r e p l a c e d w i t h t h i n 

s h e e t s of T y p e 3 0 4 s t a i n l e s s s t e e l i n a m e t a l - t o - m e t a l p u s h f i t . T h e n i t 

w a s r e t e s t e d i n t h e m o d i f i e d A n n u l a r I n d u c t i o n P u m p L o o p . F i g u r e I . B . 5 

s h o w s t h e r e s u l t s f o r t h e i n s u l a t e d v e r s i o n ( u p p e r l e f t ) a n d f o r t h e u n i n s u l a t e d 

v e r s i o n ( u p p e r r i g h t a n d l o w e r l e f t ) . F i g u r e I . B . 6 , w h i c h c o m p a r e s F l o w ­

s e n s o r A - 3 o u t p u t s i g n a l s w i t h t h e m a g n e t i n s u l a t e d a n d u n i n s u l a t e d , s h o w s 

a s i g n a l d e c r e a s e of l e s s t h a n 5%. 

T h e o m i s s i o n of i n s u l a t i o n ( t e n t a t i v e l y p l a n n e d t o b e 

a l u m i n a o r q u a r t z ) f r o m t h e d e s i g n w o u l d s i m p l i f y t h e f a b r i c a t i o n a n d 

a s s e m b l y of t h e f l o w s e n s o r , a n d t h u s r e s u l t i n l o w e r c o s t . H o w e v e r , p r e ­

l i m i n a r y c o n s i d e r a t i o n of t h e r m a l t r a n s i e n t s i n d i c a t e s t h e d e s i r a b i l i t y of 

h a v i n g a s m a l l a n n u l u s of i n e r t g a s ( a r g o n , w i t h a s m a l l a m o u n t of h e l i u m 

f o r l e a k t e s t i n g ) b e t w e e n t h e m a g n e t a n d t h e w a l l of t h e T y p e 3 0 4 s t a i n l e s s 

s t e e l h o u s i n g . H o w e v e r , s u c h p r o t e c t i o n of t h e m a g n e t a g a i n s t e x c e s s i v e 

t e m p e r a t u r e r i s e d u e to a t h e r m a l t r a n s i e n t i n t h e s o d i u m c o o l a n t m u s t b e 

e v a l u a t e d i n c o n j u n c t i o n w i t h r e s i s t a n c e t o t h e t r a n s f e r of g a m m a h e a t f r o m 

t h e m a g n e t t o t h e c o o l a n t s t r e a m d u r i n g n o r m a l o p e r a t i o n . 

In a p p l y i n g a 0 . 0 8 5 - i n . c o a t i n g of a l u m i n a t o t h e h a r d 

s u r f a c e of a 0 . 9 - i n . - d i a x 2 - i n . - l o n g A l n i c o - 8 m a g n e t b y m e a n s of a c e r a m i c 

f l a m e - s p r a y i n g p r o c e s s , t h e M e t a l l i z i n g C o . of A m e r i c a f o u n d i t n e c e s s a r y 

t o a p p l y a r o u g h c o a t i n g of n i c k e l t o t h e m a g n e t s u r f a c e b y t h e " D o t - W e l d " 

p r o c e s s b e f o r e a p p l y i n g t h e a l u m i n a c o a t i n g . In a d d i t i o n t o t h e u n a c c e p t a b l e 

s h o r t - c i r c u i t i n g e f f e c t of t h e n i c k e l o n t h e e x t e r n a l m a g n e t i c f i e l d ( h o w e v e r , 

a n o n m a g n e t i c m e t a l c o u l d b e u s e d ) , p i e c e s of a l u m i n a b r o k e a w a y f r o m t h e 

m a g n e t w h e n i t w a s t a p p e d w i t h a s t e e l b a r . T h u s , t o o b t a i n a n a l u m i n a 

c o a t i n g t h a t w i l l n o t d i s i n t e g r a t e u n d e r f l o w s e n s o r o p e r a t i n g c o n d i t i o n s , 

f u r t h e r d e v e l o p m e n t a n d t e s t i n g w o u l d b e r e q u i r e d . 
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20.5 irV. 
I I 3 gpm 

(all 3 phase. 60 cycle) 

10 mV, 
20.2 gpm 

J \ L 

4 6S mV, 1 B.6(l/sec - - - . L ^ ^ ^ ^ ^ J I I -

I 4.2 mV, 
J 1.81 

r 3,5 mV, 
> 66(tsec 

1 2 ; mV, 
1 S17 fl/sec 

1.1 mV, 
1 3 62 It/sec 

I 21OIV. |1 
2 52 fl/sec 

3 J i 
s 
S 

^ ^ 

'sec 

^ 
^ 

68 7 gpm J 

30.8 fnV, 1 
62 gpm 1 

26 mV, 1 
52.5 Epm 1 

20 5mV, 1 
fll 5 gpm 1 

H m v T " ! 
28.3 gpm ( 

e 6.3 mV, 
1 12.7 gpm 

TEST NO, 2 
(insulated) 

10 0 1 
Outpul Signal. mV 

I I I I I \ L 

3.42 mV, 
16 56 (L'sec 

2 65 mV, 
l 5 2 f t ' s e c 

TEST NO lA 
(uninsulated) 

10 0 1 2 
Output Signal. mV 

Fig. I.B.5 

Tests of. Permanent-magnet Flowsensor A-3 with 
(upper left) and without (upper right and lower 
left) Mica Insulation between Magnet and Its 
Type 304 Stainless Steel Enclosure. The tests 
were conducted at ~350OF with the flowsen­
sor A-3 in the 2-in. Schedule-40 pipe test 
section of the modified linear induction pump 
sodium loop. Calculated sensitivity of the loop 
flowmeter was 0.495 mV/gpm. 

10 0 I 2 3 
Output Signal, mV 
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SODIUM FLOW VELOCITY, ft/sec 

Fig. I.B.6 

Comparison of Flowsensor A-3 Output Signals with 
and without Magnet Lisulated from Its Type 304 
Stainless Steel Enclosure. Tests were conducted 
at -3500? in the modified annular induction pump 
loop. The points marked A are from the uninsu­
lated Test No. 2 of Fig. I.B.5 (lower left). 

(ii) Gas D i s e n g a g e m e n t for F a i l e d - f u e l Moni to r ing 
( E . S . Sowa) 

L a s t Repor t ed : ANL-7632 , pp. 33-34 (Oct 1969). 

(a) Sodium T e s t Loop. The componen t s for the F E D A L 
(Fa i l ed E l e m e n t De tec t ion and Locat ion) modu le w e r e r e c e i v e d f rom the 
f a b r i c a t o r , a s s e m b l e d , and in s t a l l ed in the loop. The modu le g a s - s e p a r a t i o n 
c a s c a d e is ins ide a u t i l i ty c h a m b e r that is in a pos i t ion on the loop that was 
f o r m e r l y occupied by the r i s e r and g a s - s e p a r a t i o n unit . Above the u t i l i ty 
c h a m b e r is a housing that has a vapor t r a p and i n s e r t s l e e v e that s e r v e s as 
the g a s - r e t u r n duct . 

In the o r ig ina l des ign for the g a s - s e p a r a t i o n c a s c a d e 
(see F ig . I .B.7, left), the cap at the top of the a s s e m b l y p r e s e n t e d a p o s s i b l e 
t r a p for d i sengaged f i s s i o n - p r o d u c t 
g a s e s . So the cap was r e p l a c e d by 
a d i s k . A n a n a l y s i s of the fluid-flow 
c h a r a c t e r i s t i c s for a f lowrate of 
2 f t / s e c showed that , for sodium, the 
Reynolds n u m b e r in the cen t e r pipe 
of the c a s c a d e was 59,500. This 
p l a c e s the flow r e g i m e in the t u r b u ­
lent r ange : v / V m a x = 0.82, w h e r e 
V is a v e r a g e flow ve loc i ty and Vj-nax 
is m a x i m u m c e n t r a l flow ve loc i ty . 
B e c a u s e l i t t le head is lo s t by r e d i ­
r ec t ing the flow d i r ec t i on , the c e n t r a l fluid ex i t s at r i gh t an g l e s to i t s 
o r ig ina l d i r ec t i on with a m a x i m u m ve loc i ty of 2.43 f t / s e c . With f ree fall , 
the r e l a t i onsh ip be tween h o r i z o n t a l t r a v e l x and v e r t i c a l t r a v e l y i s g iven 
by X = V(2y/g)°-^; c a s c a d e t e s t s with w a t e r c o n f i r m e d tha t the fluid is 
confined within a shee t by s u r f a c e t ens ion and t r a v e l s ou tward in a t r a j e c t o r y 
(see F ig . I .B.7 , c e n t e r ) such that the fluid m i s s e d the t r a y s in the c a s c a d e . 
Thus the c a s c a d e was modif ied to the final conf igura t ion , which t e s t s c o n f i r m e d 
has the flow t r a j e c t o r y shown (see F ig . I .B .7 , r i gh t ) . 

Fig. I.B.7. Cascade Original Design (left), First 
Modification (center), and Final 
Configuration (right) 



b . E B R - I I I n - C o r e I n s t r u m e n t T e s t F a c i l i t y (E. Hu t t e r ) 

(i) P r e l i m i n a r y Study of V a r i o u s S c h e m e s (O. S. Se im, T. E. 
Sul l ivan, and R. C. B r u b a k e r ) 

3 1 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 39-40 (Aug 1969). 

The r e s u l t s of a c a l c u l a t i o n of the r i s e in coolan t t e m p e r a ­
t u r e s t h r o u g h the p r o p o s e d fac i l i ty a r e shown in F i g . I .B .8 . The f igure 

shows the c a l c u l a t e d r i s e a t coolan t f l owra t e s 
up to a p p r o x i m a t e l y 1.5 gpm and for t h r e e in­
su la t ing cond i t i ons . (The bo t tom c u r v e , showing 
the r i s e when the gas insu la t ing s l e e v e is r e p l a c e d 
wi th s t a t i c s o d i u m , r e p r e s e n t s the non insu l a t ed 
condi t ion . ) Only the hea t t r a n s f e r wi th in the 
1 4 - i n . - l o n g po r t i on of the fac i l i ty that would be 
in the r e a c t o r c o r e w^as c o n s i d e r e d . The c a l c u ­
la t ion , which is a p p r o x i m a t e , a s s u m e d : 

(1) a th imble a s s e m b l y of the type which 
wi l l a c c e p t 19 t h e r m o c o u p l e s , 

(2) un i fo rm g a m m a hea t ing at a 62 .5 -MWt 
r e a c t o r o p e r a t i n g leve l , 

(3) a s o d i u m - t e m p e r a t u r e r i s e of 200°F 
in the ad jacen t s u b a s s e m b l i e s , and 

(4) an upward f lowra te of 5 gpm p a s t the 
l a b y r i n t h - t y p e s e a l be tween the guide tube and the 
t h imb le a s s e m b l y . . 
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Calculated Rise in Temperature of 
Sodium Coolant in the Proposed 
In-core Instrument Test Facility 
Using Three Different Insulating 
Conditions 

d i m i n i s h e d wi thout the ] 
t e m p e r a t u r e s cannot be 

The r e s u l t s ind ica te that c o n t r o l of 
s o d i u m t e m p e r a t u r e by flow v a r i a t i o n is s e v e r e l y 

; a s - i n s u l a t i n g s l eeve and that the d e s i r e d h i g h e r 
r e a c h e d . 

The c a l c u l a t i o n s a l so ind ica te that b e c a u s e the t e s t s e n s o r s 
a r e h e a t e d by g a m m a r a d i a t i o n , they should be loca ted n e a r the top of the 
c o r e to avoid h i g h e r t e m p e r a t u r e s in the c a b l e s than in the s e n s o r s . Mos t 
of the g a m m a hea t i s g e n e r a t e d in the s t r u c t u r a l s t a i n l e s s s t e e l , which is 
u n i f o r m l y d i s t r i b u t e d in the c o r e r eg ion in the p r e s e n t concep t . Since the 
t e s t s e n s o r s p r o b a b l y wi l l be n e a r the top of the c o r e , the effect of adding 
m o r e s t r u c t u r a l m a s s in the lower po r t i on of the c o r e wi l l be eva lua t ed . 
Add i t iona l m a s s would i n c r e a s e hea t g e n e r a t i o n and flow, t h e r e b y d e c r e a s ­
ing the d e g r e e of s e n s i t i v i t y r e q u i r e d in the c o n t r o l v a l v e . 

Fo l lowing an eva lua t ion of s e v e r a l coo lan t - f low c o n t r o l 
v a l v e s , a f l a t - p l a t e type of va lve a p p e a r s to be the m o s t p r o m i s i n g . Th i s 
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valve consists of an upper and a lower c i rcular plate with flow-control holes. 
The lower plate is stationary, acts as a shutter, and would be attached to the 
inner tube of the insulating-gas-tube assembly. The upper plate would be 
attached to the sensor tube. Flow control would be achieved by rotating the 
sensor tube, which, in turn, would rotate the upper plate with respect to the 
lower plate. To attain a uniform r ise in coolant temperature per degree of 
rotation, the flow holes in the upper plate must be contoured. Flow calcula­
tions are now being developed to determine the size and shape of hole which 
will best provide ideal flow control. 

2. Fuel Handling, Vessels and Internals 

a. Core Component Test Loop (CCTL) (R. A. J a ross ) 

Last Reported: ANL-7632, pp. 34-35 (Oct 1969). 

(i) Loop Modifications to Accommodate Second F F T F 
Subassembly. Modifications to the CCTL to accommodate the Mark-II fuel 
assembly and to improve loop reliability are proceeding. 

On the 2-in. pump-bypass piping that will permit the return 
of pump-bearing overflow sodium to the pump inlet, work is complete except 
for installation of 10% of the outer layer of insulation, and one pipe hanger. 

For the 4-in. flowtube, the Taylor p ressure-sens ing 
elements have been delivered, along with manufacturer certification reports 
on calibration, dye-penetrant testing, radiographic inspection, and mater ia l s . 
ANL calibration is in progress . 

The spool piece has been reinstalled in the CCTL test vessel 
with the appropriate ceramic Flexitallic gasket and a bolt-tightening schedule 
to ensure gasket seating to the manufacturer 's recommendations. Three of 
the four sodium-inversion tubular heaters are installed. Four of six in-
vessel thermocouples have been installed. 

Quality-assurance tests continue on the dual-gate-valve 
assembly, bellows-seal valves, and the plugging-meter and sodium-sampling 
station. 

A temperature test, separate from the CCTL test vessel , 
is underway on the dual-gate-valve assembly. At 625°F the gate valve 
stems indicated galling, so the gate valve stems were reduced in diameter 
by 0.015 in., a 0.001-in. hard-chrome plating was applied, and the original 
Type 304 stainless steel valve-stem bushings were replaced with soft nickel. 
Further tests of this assembly will be at temperatures up to 800°F. 
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A 2-in. Powell valve of the bellows-seal type to be used for 
the mechanical-pump bearing-bypass line is being prooftested. This valve 
has completed 100 cycles at 10 psi and 1000°F (maximum temperature 
recommended by manufacturer) . In addition, a more severe test of 75 cycles 
at 125 psi has been completed in argon without bellows failure. Tests in 
sodium are scheduled to s tar t soon. 

A l /2 - in . NUPRO bellows-seal valve of the type to be used 
for the modified CCTL plugging-meter and sodium-sampling station is being 
prooftested. The valve has completed 100 cycles of operation at 150 psig 
and 1100°F with an argon atmosphere inside the valve. Sodium tests are 
scheduled to demonstrate that the valve can successfully contain 1100°F 
sodium at 150 psig for 100 cycles. 

The plugging-meter and sodium-sample-stat ion complex 
has been fabricated, radiographed, leaktested, and moved to the CCTL. 
The enclosure for this complex has been completed, and heaters and insula­
tion for the enclosure have been installed. Electr ical prooftest of the 
completed complex is scheduled soon. 

Ultrasonic inspection of one weld of the 4-in. pump-outlet 
(high-pressure) piping has been completed. The area evaluated is at the 
weld of a 90° elbow at the inlet to a long horizontal pipe run that includes 
both the electromagnetic flowmeter and the flowtube in se r i e s . Defects 
detected ultrasonically were smaller than defects attainable for 4-in. 
Schedule-40 pipe as described in ASME Code, Nuclear Vessels , 1968, 
Section 3, Appendix 9, p. 2.18. 

C. Sodium Technology 

1. Sodium Chemistry 

The work on sodium chemistry is directed toward the development of 
a sound scientific foundation for understanding the behavior of common non-
metall ic contaminants in sodium, for interpreting and evaluating existing 
corrosion data, and for predicting potential corrosion problems in sodium 
sys tems. 

a. Characterizat ion of Oxygen- and Hydrogen-bearing Compounds 
in Sodium (F. A. Cafasso and M. Adams) 

Last Reported: ANL-7606, p. 118 (Aug 1969). 

Evidence has accumulated that suggests the involvement of 
transit ion metal-oxygen-sodium complexes in the mass t ransport of 
s t ruc tura l mater ia l s in sodium sys tems. Accordingly, the behavior of 
complex oxides such as sodium chromite and sodium ferri te in sodium is 



34 

of interest , and a study of their stability in sodium is being undertaken. 
Sodium chromite has been chosen for the initial study, and efforts to 
prepare this compound have started. 

Preparat ions a re also being made to find out what are the species 
and concentrations of oxygen- and hydrogen-bearing compounds in cold-
trapped sodium. This information will be helpful in determining whether 
such impurities a re adequately controlled by cold trapping and whether the 
current methods of monitoring are effective. The sodium to be analyzed 
will be taken from the existing Sodium Analytical Loop (SAL). At present, 
effort is being directed toward equipping SAL with a cold t rap and a sodium-
sampling device appropriate for this study. A hydrogen meter is also being 
installed. 

2. Purification of Sodium 

a. Identification and Removal of Particulate Matter in Sodium 
(J. E. Draley) 

Not previously reported. 

In a newly activated program on the identification and removal 
of particulate matter in sodium, plans are being made to accumulate and 
analyze part icles from EBR-II pr imary and secondary sodium. Prel iminary 
to actual collection of such part icles , collection methods will be developed 
and data will be obtained from the existing Mechanical Proper t ies and 
Corrosion Loop. It is anticipated that filters will be evaluated; decisions 
on other collection devices have not been made. 

To gain some insight as to the amount of stainless steel con­
stituents expected to precipitate in sodium-coolant circuits by virtue of 
temperature differences, quasi-equilibrium calculations were made. It 
was assumed that equilibrium obtains between the surface of the stainless 
steel system and the sodium circulating in a nonisothermal loop, and that 
all the alloy constituents in excess of saturation at any temperature a re 
precipitated. By using estimated solubilities for the constituents of 
stainless steel, a maximum of about 7 ppm precipitated solids or their 
metallic content was obtained for the coolest portion of an LMFBR operat­
ing between 700 and 400°C. More than 60% of the metal content of this 
precipitate was calculated to be iron, with the remainder about equally 
divided between nickel and chromium. The amount of precipitate cal­
culated for EBR-II coolant (524 to 371°C) was about one-fourteenth that 
for the LMFBR, with the same connpositional mix. 
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3. O n - L i n e M o n i t o r s 

a. E v a l u a t i o n and I m p r o v e m e n t of the C a r b o n - a c t i v i t y M e t e r 
(J . T. H o l m e s , C. L u n e r , and N. Che l l ew) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , p . 31 (Aug 1969). 

T e s t i n g and eva lua t i on of the United N u c l e a r C o r p o r a t i o n (UNC) 
diffusion m e t e r for m e a s u r i n g c a r b o n ac t iv i ty in s o d i u m a r e p r o g r e s s i n g . 
E x p e r i m e n t s wi th an i r o n - m e m b r a n e p r o b e ( f ab r i ca t ed a t ANL) w e r e con ­
duc ted in a h e a t e d c r u c i b l e con ta in ing 650 g of s t i r r e d s o d i u m . To p r e ­
c lude c h a n g e s in the c a r b o n c o n c e n t r a t i o n c a u s e d by i n t e r a c t i o n of s o d i u m 
wi th c o n t a i n e r m a t e r i a l s , a l l c o m p o n e n t s in con tac t wi th l iquid s o d i u m w e r e 
m a d e of c o p p e r excep t the p r o b e . 

As a f i r s t s t e p , b a s e - l i n e c a r b o n f luxes w e r e m e a s u r e d a t 
d i f f e ren t t e m p e r a t u r e s . M e a s u r a b l e c a r b o n f luxes w e r e obta ined a t 488°C 
(910°F) and above . T h e s e f luxes w e r e qui te s t ab l e for 2 or 3 d a y s , d e c r e a s ­
ing only s lowly wi th t i m e , p r o b a b l y owing to the r e m o v a l of c a r b o n f r o m the 
s o d i u m by diffusion t h r o u g h the p r o b e . 

The r e s p o n s e of the p r o b e to the i n t r o d u c t i o n of a f e r r i t i c s t e e l 
r od (1020 s t e e l , l / 4 - i n . OD by 5 in.) into the s o d i u m was b r i e f l y i n v e s t i g a t e d . 
L i t t l e o r no r e s p o n s e to the f e r r i t i c s t e e l w a s ob ta ined a f te r 1 h r a t 488°C 
o r 1 h r a t 585°C (1085°F) . At 630°C (1166°F), the c a r b o n flux i n c r e a s e d soon 
a f te r i m m e r s i o n of the rod . The rod was r e m o v e d a f te r 30 m i n , and the flux 
l e v e l l e d off and then r e m a i n e d c o n s t a n t for at l e a s t 4 h r . 

The effect of adding 2 p p m c a r b o n a s Na2C2 to the s t i r r e d s o d i u m 
at 630°C w a s to i n c r e a s e the m e t e r r e a d i n g a t l e a s t e ightfold. The i n s e r t i o n 
of a Type 304 s t a i n l e s s s t e e l r od ( l / 4 - i n . OD by 5 in.) into the m e l t at th i s 
po in t c a u s e d the c a r b o n flux to d e c r e a s e . 

T h e s e e x p e r i m e n t s i n d i c a t e tha t m e a s u r a b l e c a r b o n f luxes can 
be ob t a ined at a c o n s i d e r a b l y lower t e m p e r a t u r e than tha t r e c o m m e n d e d by 
UNC, 760°C (1400°F) .* The e x p e r i m e n t s a l s o i n d i c a t e tha t if a h igh -
t e m p e r a t u r e s ide loop is r e q u i r e d to obta in a m e a s u r a b l e flux, a m a t e r i a l 
o t h e r than s t a i n l e s s s t e e l m i g h t be p r e f e r a b l e . Add i t iona l e x p e r i m e n t s to 
e v a l u a t e c o n s t r u c t i o n m a t e r i a l s for th i s p u r p o s e a r e be ing p l anned . 

The T e s t and E v a l u a t i o n A p p a r a t u s (TEA) , a s m a l l , p u m p e d , 
s o d i u m loop a t A N L - I U i n o i s , w i l l be u s e d to t e s t the UNC c a r b o n m e t e r 
p r i o r to the f ield t e s t s p l anned at E B R - I I . T E A c o n s t r u c t i o n is c o m p l e t e 
e x c e p t for f a b r i c a t i o n of a dev i ce by which m e t a l l u r g i c a l t abs can be e x p o s e d 

*Caplinger, W. H.,Carbon Meter for Sodium, Final Report, United Nuclear Corp. report UNC-5226 (March 1969). 
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to the same sodium as the probe of the carbon meter . TEA will s tar t up 
after a safety review; the tab-exposure device will be incorporated after 
startup. 

4. Sampling 

a. Sampling of Radioactive Sodium (W. Miller and P. Vilinskas) 

Not previously reported. 

A useful tool in the analysis of LMFBR sodium is a distillation 
sampler. Vacuum-evaporation of the neutron-activated sodium facilitates 
assay of trace elements and radioactive isotopes. Some form of the device 
may also prove useful as a continuous on-line monitor for detection and 
characterization of fission products. 

Automation of the sampler is desirable for application of the 
device to pr imary sodium systems. This would require automatic means 
of removing the distillation cup, and of collecting and disposing of the 
condensate. It appears that the use of a liquid-sodium jet eductor for 
creating a vacuum and removing the distillate would resul t in a simplification 
of the sampler design. Prel iminary discussions with the Schutte and Koert-
ing Co. revealed the following estimates for performance of a liquid-sodium 
eductor: motive fluid (sodium) flowrate, 2-5 gpm; jet p ressu re drop, 
50-100 psi; attainable vacuum with motive fluid at 300°C, less than 0.1 Torr 
absolute p ressure . The necessary hardware for testing the application of 
the jet principle in distillation samplers is being procured. 

5. Fission Product Behavior and Control 

a. Data-analysis Methods for Determining Fuel Fai lures 
(W. E. Miller and P. Vilinskas) 

Not previously reported. 

Fission gas monitors are currently in use to detect the presence 
of leaking fuel elements in fast reac tors . A calculational study was made of 
the potential usefulness of this method for detecting leaks in future LMFBR 
power reac tors . It is anticipated that such power reac tors will not be shut 
down despite the existence of numerous fuel elements that a re leaking only 
gaseous fission products. With vented fuels, the fuel element by definition 
will operate with gas leakage. What will be required in future LMFBRs is 
a detection system that not only takes note of a leaking fuel element, but 
also estimates the extent of the damage to the cladding and the likelihood 
of propagation of the damage to other fuel elements. 
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Methods of relating the cover-gas evidence of fuel failure to the 
severi ty of failure were considered. One such method relates activity ratios 
of short- l ived gaseous fission products to the size of the leak. It was found 
that for fixed ra tes of re lease of the fission gases to the gas plenum in the 
fuel and for fixed exter ior p r e s su re s , the size of a hole in the cladding 
might be est imated from the activity ratio of short-lived isotopes in the 
cover gas. However, the application of this method does not appear pract ical 
because of the variability of parameters affecting the rate of re lease of gas, 
such as location of the leak, fuel burnup, and power level. 

Because of the difficulty in ascertaining the severity of a leak 
from analysis of the cover gas, it may be more fruitful to monitor the sodiunn 
for evidence of fuel-element failure. This will be the direction of future 
work. 

6. Materials Compatibility 

a. Candidacy of Vanadium-base Alloys for Cladding LMFBR Fuels 
( T . F . Kassner and D. L. Smith) 

Last Reported: ANL-7632, pp. 42-44 (Oct 1969). 

The objective of this work is to develop enough understanding and 
information so that a first assessment of the adequacy of vanadium alloys as 
fuel cladding for LMFBR can be made. 

(i) Distribution Coefficients of Impurities in Sodium-Metal 
Systems. Two techniques have been used to determine the solubility of 
oxygen in vanadium as a function of temperature . The method employed in 
the temperature range from 600 to 700°C was the same as that previously 
used for distribution coefficient measurements (see P rogress Report for 
September 1967, ANL-7382, pp. 100-101). Vanadium wires were exposed to 
sodium at 600, 650, or 700°C for a sufficient time to allow oxygen to redis ­
tribute between vanadium and sodium. The oxygen concentration in vanadium 
increases with an increase in the oxygen concentration in sodium until an 
oxide film forms on the vanadium. The oxygen concentration in the core of 
each wire was determined after all of the oxide film was removed. The 
constant oxygen concentration in the core, as the oxygen concentration in 
the sodium was increased, was taken as the oxygen solubility in vanadium 
at each tempera ture . 

Solubility measurements at temperatures below 400°C were 
made by the internal-friction technique. Since the height of an internal-
friction peak can be related to the concentration of an interst i t ial element 
in solution in bcc metals , the technique provides a convenient method to 
determine the solubility of oxygen in vanadium. Oxygen was diffused into 
vanadium wires in a Sievert 's apparatus, and the internal-friction peak was 
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m e a s u r e d . The s a m p l e was then a n n e a l e d a t a t e m p e r a t u r e at which a 
s m a l l amoun t of the oxygen would p r e c i p i t a t e . Af te r quenching the s a m p l e , 
the i n t e r n a l - f r i c t i o n peak was r e d e t e r m i n e d to give a m e a s u r e of the con ­
c e n t r a t i o n of oxygen r e m a i n i n g in so lu t ion . Th i s va lue is the s a t u r a t i o n 
c o n c e n t r a t i o n a t the annea l ing t e m p e r a t u r e . It w a s p o s s i b l e to p r e c i p i t a t e 
oxygen fu r the r or put it b a c k into so lu t ion by annea l ing a t l o w e r o r h i g h e r 
t e m p e r a t u r e s , r e s p e c t i v e l y . The i n t e r n a l - f r i c t i o n t echn ique gave s i m i l a r 
r e s u l t s when oxygen was added to v a n a d i u m e i t h e r by e x p o s u r e to s o d i u m 
o r by using the S i e v e r t ' s a p p a r a t u s . The t e m p e r a t u r e dependence of the 
so lubi l i ty of oxygen in v a n a d i u m is shown in F i g . I . C . I . 

An i nves t i ga t i on of the effect 
of c h r o m i u m add i t ions to v a n a d i u m 
on the ac t iv i ty and so lub i l i ty of 
oxygen in v a n a d i u m is con t inu ing . 
Alloy w i r e s conta in ing 10, 15, and 
20 wt % c h r o m i u m and p u r e vanad ium 
w i r e s have been exposed to co ld-
t r a p p e d sod ium. T e s t s w e r e con­
ducted in sod ium conta in ing 0.4 ppm 
oxygen at t e m p e r a t u r e s of 550, 600, 
650, and 700°C. T e s t s have a l so 
been c o m p l e t e d in s o d i u m conta in ing 

0.4, 0.6, and 0.8 ppm oxygen at 600°C. F i g u r e I .C.2 shows s o m e r e s u l t s 
obta ined for the v a n a d i u m - 1 0 wt % c h r o m i u m al loy c o m p a r e d wi th p u r e 
v a n a d i u m . This a l loy p icks up only half a s m u c h oxygen a s p u r e v a n a d i u m 
when exposed to the s a m e oxygen c o n c e n t r a t i o n in sod ium. No effect of 
t e m p e r a t u r e on the r a t i o of oxygen in v a n a d i u m to oxygen in a l loy can be 
de t ec t ed f rom t h e s e r e s u l t s . The o the r a l loys have not ye t been ana lyzed . 

Fig. I.C.I. Temperature Dependenceof Solu­
bility of Oxygen in Vanadium 

Fig. I.C.2 
Oxygen Concentration in Vanadium-10 wt"?!? Chro­
mium vs Oxygen Concentration in Vanadium, after 
Simultaneous Exposure to Sodium 
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D. EBR-I l - -Research and Development 

1- Equipment--Fuel Related (E. Hutter) 

a- Higher-worth Control Rod (O. S. Seim and T. Sullivan) 

Last Reported: ANL-7618, pp. 23-24 (Sept 1969). 

The quality-control plan for fabrication of two prototype higher-
worth control rods was completed. The rods are being fabricated. The 
B4C pellets for these rods were received from the supplier. 

P r e s s u r e - d r o p calculations indicated that two different a r rays 
of B4C tubes for the absorber section of the higher-worth safety rod were 
acceptable: a cluster of six s/S-in.-OD tubes and a cluster of seven 
9 / l6- in . -OD tubes, each within the standard safety-rod hexagonal tube. 
The lat ter ar rangement was chosen because it would allow a more uniform 
coolant-flow distribution. 

A mockup of the cluster of seven 9/ l6-in.-OD tubes was fabri­
cated and installed in place of the upper shield section within a standard 
safety-rod subassembly. Flowtests with this modified safety-rod subas­
sembly indicated that flows -were very close to the desired calculated flow. 
The desired calculated flow is 84 gpm at a 39-psi p ressure drop; the meas ­
ured flow v/as 83 gpm at the same p ressure drop. The ends of the mockup 
tubes will be modified slightly to make the measured flow equal to that of 
the calculated flow. 

2. Instrumented Subassemblies (E. Hutter and A. Smaardyk) 

a. Test One and Two 

(i) Installation (A. Smaardyk, C. Divona, W. M. Thompson, 
and J. Poloncsik) 

Not previously reported. 

The drive mechanism for raising and lowering the instru­
mented subassembly during fuel handling was installed during the v^eek of 
Nov. 3, 1969. Installation and checkout of tes t 1 were completed during the 
week of Nov. 10. This work included flowtesting of the permanent-magnet 
flowmeter and subsequent severing of the extension tube from the subas­
sembly. Installation of test 2 in the EBR-II p r imary tank was started the 
week of Nov. 17. 
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(ii) A s s e m b l y of T e s t - 2 S u b a s s e m b l y (C. Divona) 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp . 4 6 - 4 8 (Oct 1969). 

Dur ing the l a s t s t e p s of a s s e m b l i n g the t e s t - 2 i n s t r u m e n t e d 
s u b a s s e m b l y and ex t ens ion tube , the flux m o n i t o r for r e g i s t e r i n g the flux 
dur ing r e a c t o r o p e r a t i o n w a s i n s t a l l e d . F i g u r e I .D.I shows the i n s t a l l a t i o n 
of the flux m o n i t o r in r e l a t i o n to the r e a c t o r c o r e . The m o n i t o r a s s e m b l y 
c o n s i s t s of a l / l 6 - i n . - d i a x 5 | - i n . - l o n g R e n t e r S tokes Model RSN-202-MI 
flux m o n i t o r a t t a c h e d to a s h e a t h e d , 0 . 0 4 0 - i n . - d i a e x t e n s i o n l ead . A packing 
gland was u s e d to p rov ide a s e a l on the ou t s ide of the t e r m i n a l box , wi th the 
ex tens ion l ead p r o t r u d i n g t h r o u g h the s e a l . The g land con ta ins a c l o s e l y 
f i t ted sp l i t s e a l w a s h e r and a n e o p r e n e s e a l a n t w a s h e r to p r o v i d e a s e c o n d ­
a r y s e a l should l eakage of the f l u x - m o n i t o r tube o c c u r ; the f l u x - m o n i t o r 
tube s e r v e s a s the p r i m a r y s e a l . An expans ion be l lows was i n c o r p o r a t e d 
in the p o r t i o n of the f l u x - m o n i t o r tube wi th in the t e r m i n a l box . Th i s be l lows 
a l lows d i f fe ren t ia l expans ion be tween the f l u x - m o n i t o r and e x t e n s i o n tubes 
dur ing the n o n i s o t h e r m a l condi t ions ex i s t ing when the e x t e n s i o n tube is 
being i n s t a l l e d in the r e a c t o r . The f l u x - m o n i t o r tube was i n s t a l l e d be fo re 
the s u b a s s e m b l y was sh ipped to E B R - I I on Nov. 7. 

3. Coolant C h e m i s t r y (D. W. C i s s e l ) 

a. Sodium Coolant Qual i ty Moni to r ing and Con t ro l (W. H. Olson , 
C. C. M i l e s , T. P . R a m a c h a n d r a n , E . R. E b e r s o l e , and 
G. O. H a r o l d s e n ) 

L a s t Repo r t ed : A N L - 7 6 3 2 , pp . 48 -49 (Oct 1969). 

(i) Rad ionuc l ides in Sodium. Table I .D.I l i s t s the r e s u l t s of 
a n a l y s e s for '^^Cs and '^'l in p r i m a r y s o d i u m . The ^^Na ac t i v i t y on 
Oct . 17, 1969, was 4.0 x 10"^ MCi/g. 

TABLE I.D.I. ' " C s and " ' l in P r i m a r y Sodium^ 

Sample 
Date 

9/16/69 

9/18/69 

9/24/69 

9/29/69 

10/13/69 

10/17/69 

Sample 
Size, g 

13.3 

10.9 

13.2 

13.5 

12.8 

13.6 

Sample 
Flow, 
g p m 

0 .4 

0.4 

0 .3 

0 .3 

0 .5 

0 .3 

Flush 
Time , 
m i n 

15 

18 

15 

15 

15 

15 

Sample 
Tempera tu re , 

° F 

500 

640 

600 

600 

610 

600 

' " C s 
MC./g X 10^ 

1.2 

1.2 

1.2 

I . l 

1.1 

1.3 

" ' I , 
, iCi/g X 10^ 

1.2 

I . l 

0.85 

2.0 

2 .0 

3 .3 

All samples taken in P y r e x beaker . 
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GLANO FOLLOWER 

0,040"-DIA SENSOR 
LEAD 

CAPSULE GRID 

Fig. I.D.I. Flux-monitor Installation in EBR-II 
Test-2 IiBtrumcnted Subassembly 
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A solution prepared from the distillation residue of a pr i ­
mary sodium sample was gamma counted for 16 hr in a Ge(Li) gamma-ray 
spectrometer. 

"Sn, inmj^^ "°mAg, 
The nuclides indicated by the spectrum were 'Sn, 

'Mn, 'Cs, and ' "Sb . 

The ^''Na activity of secondary sodium on Sept. 26 and 
Oct. 17 was 2.4 x 10"^ and 9.3 x 10"^ idCi/g, respectively. Saturation 
activity at 50 MWt is ~3 x 10"^/iCi/g. 

(ii) Trace Metals in Sodium. Table l.D.2 lists the results of 
analyses for trace metals in sodium. Samples were taken in various ves­
sels, and the sodium was separated from the impurities by either solvent 
extraction or vacuum distillation, as noted. Impurity concentrations were 
measured by atomic-absorption spectrophotometry. The higher-than-
normal concentrations of calcium and magnesium in secondary sodium on 
Oct. 29 and Nov. 2 followed draining of the sodium to the storage tank. 
These samples were taken from the storage tank and distilled in line. 

TABLE I.D.2. Trace Metals in Sodium (ppm) 

Sample 
Dale 

9/11/69" 

9/11/69" 

9/21/693 

9/29/69" 

9/29/69<: 

10/23169' 

9/29/691: 

10/29/69<l 

11/2/6911 

Sample 

Size, 

g 

13.5 

-10 

11.6 

12,4 

40.5 

53.0 

58.5 

-125 

-125 

Sample 
Flow, 
gpm 

0.5 

0.3 

0-3 

0.3 

0.3 

0.4 

0.5 

0.4 

0.4 

Flush 
Time, 
min 

13 

10 

15 

15 

15 

5 

15 

15 

15 

Sample 
Temp, 

"F 

480 

350 

600 

600 

650 

370 

500 

360 

360 

Ai 

<0.6 

<0,6 

<0.6 

05 

0,2 

Bi 

2.1 

1.8 

2,1 

2.4 

<0.05 

<O02 

<0.02 

Ca 

<0.02 

<0.02 

<0.02 

1.7 

0.1 

Cd Co Cr 

Primary Sodium 

0.02S 

0.03 <0.04 

<0.03 0.02 

<0.04 0.02 

Secondary Sodium 

<0.02 0.1 

<0.008 0.13 

<0.008 0 1 

Cu 

0.03 

0.04 

0.02 

O.M 

0.02 

0.013 

0.044 

Fe 

0.4 

0,1 

0,15 

0.9 

0.77 

0.96 

Mg 

0.01 

0.02 

003 

1.2 

0.64 

Mn 

<0.01 

<0.005 

<0.005 

0.01 

0.027 

0.03 

Mo 

<0.08 

<0.1 

<0.06 

<0,016 

<0.016 

NI 

0.07 

<0.03 

<0.04 

0.1 

0.14 

0.12 

Pb 

10.6 

9.8 

8.2 

8.2 

0.5 

0.76 

0.7 

Sn 

21.2 

20.6 

20.6 

19.4 

<0.5 

<0.08 

<0.08 

Zn 

<0.05 

0.06 

"Sampled in quart2; separated by solvent extraction, 
"sampled in t i tanium; separated by vacuum distillation in laboratory. 
'Sampled in tantalum; separated by vacuum distillation in laboratory, 
"sampled in t i tanium; separated by in- l ine vacuum disti l lation. 

(iii) Oxygen in Sodium. Table l.D.3 lists the results of analyses 
for oxygen in sodium by the mercury amalgamation method. Oxygen con­
centrations as measured by plugging indicators are listed also for 
comparison. 

(iv) Carbon in Sodium. Table l.D.4 lists the results of analyses 
for carbon in sodium by the oxyacidic flux method. 

(v) Hydrogen in Sodium. Table'l.D.5 lists the results of 
analyses for hydrogen in sodium by the isotope dilution method. 



TABLE I.D.3. Oxygen in Sodium 

Sample Flush 
Sample Sample Sample Flow, Time, 

Date Container Size, g gpm min 

Sample Number Average Oxygen Equivalent 
Temperature, Aliquot of Concentration, of Plugging Run,^ 

OF Size, g Aliquots ppm ppm 

Extrusion 15 0.4 
vessel 

Extrusion 15 0.8 15 
vessel 

Primary Sodium 

625 -1 

Secondary Sodium 

480 -1 

^Based on solubility data from AI-AEC-12685. 
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TABLE I.D.4. Carbon in Sodium 

Sample Flusfi 
Sample Sample Sample Flow, Time, 
Date Container Size, g gpm min 

Sample Number Average 
Temperature. Aliquot of Concentration, 

°F Size, g Aliquots ppm 

9/8/69 

9(24/69 

10/30/69 

9/17(69 

10(2/69 

TABLE 

Extrusion 
vessel 

Extrusion 
vessel 

Extrusion 
vessel 

Extrusion 
vessel 

Quartz 
vials 

l.D.5. Hydrogen 
in Sodium 

15 

15 

15 

15 

-2 

0.5 

0.4 

0.3 

0.8 

0.7 

Primary Sodium 

10 400 

15 625 

15 320 

Secondary Sodium 

15 480 

40 530 

0.9 ± 0.7 

1.0 ± 0.8 

0 4 ± 015 

1.2 ± 0.2 

2.0 ± 0.5 

(vi) Hydrogen and Witrogen in Cover Gas. 
Table l.D.6 summarizes the concentrations of hydrogen 
and nitrogen in the pr imary and secondary argon 
cover-gas systems. Measurements are made with on-
s t ream gas chromatographs. 

Sample 
Date 

Concentration, 
ppm 

Primary Sodium 

9(2/69 <1.0 

Secondary Sodium 

8(29(69 <1.0 
(vii) In-line Vacuum-distillation Sodium 

Sampler. A sampler designed to distill ~ 12 5 g of sodium 
in line has been successfully tested. Several dis­

tillation runs have been made at various heat inputs, using a stainless steel 
sample cup with a thermocouple in the sodium at the bottom of the cup. 
The time required to distill ranged from 2 to 5 hr , depending on the heat 
input. The ideal appeared to be 3 hr with a sodium temperature of 675-
690°F. Two samples frozen in the sample cup after draining the sampler 
were removed without distilling. The difference in sample weight between 
the two was approximately 3/4%. 
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T A B L E I D . 6. Hydrogen and N i t r o g e n in P r i m a r y and 
S e c o n d a r y A r g o n C o v e r - g a s S y s t e m s (ppm) 

P r i m a r y S e c o n d a r y 

High Low A v e r a g e High Low A v e r a g e 

360 
7000 

4 
2600 

0 
1300 

October 

25 4 
5200 600 

November 

3 4 
3400 450 

4 
300 

0 
200 

4 
450 

3 
300 

Two s a m p l e s a l s o w e r e d i s t i l l e d in t i t a n i u m cups and r e ­
moved for a n a l y s i s of t r a c e m e t a l s . The r e s u l t s a r e i nc luded in Tab le l .D.2 
(the s e c o n d a r y - s o d i u m s a m p l e s of 10 /29 and 11 /2 ) . 

The s a m p l e r wi l l be t e s t e d for d e t e r m i n a t i o n of oxygen af ter 
the s e c o n d a r y - s o d i u m s y s t e m h a s b e e n f i l led and n o r m a l o p e r a t i o n h a s been 
r e s u m e d . 

4 . E x p e r i m e n t a l I r r a d i a t i o n and T e s t i n g (R. N e i d n e r ) 

a. E x p e r i m e n t a l I r r a d i a t i o n s 

L a s t Repor t ed ; A N L - 7 6 3 2 , p . 49 (Oct 1969). 

Table l .D.7 shows the s t a t u s of the e x p e r i m e n t a l s u b a s s e m b l i e s 
in E B R - I I as of N o v e m b e r 15, 1969. 

b . Ope ra t i ona l I n - c e l l Handl ing and E x a m i n a t i o n 

Not p r e v i o u s l y r e p o r t e d . 

(i) E x a m i n a t i o n E q u i p m e n t (J . P . B a c c a ) 

New equ ipmen t for r e m o t e i n t e r i m and t e r m i n a l e x a m i n a ­
t ion of e x p e r i m e n t a l i r r a d i a t i o n c a p s u l e s and e l e m e n t s is be ing p l a n n e d a n d / o r 
deve loped . The equ ipment be ing c o n s i d e r e d wi l l be for u s e in m a k i n g the fol-
lowmg e x a m i n a t i o n s : p r e c i s i o n d i m e n s i o n a l s u r v e y s ( p r o f i l o m e t r y ) , g a m m a 
scann ing , s u b a s s e m b l y s t r a i g h t n e s s and t e n s i l e t e s t i n g , s a m p l i n g of p l e n u m 
g a s e s f r o m c a p s u l e s , we igh ing , s u r f a c e e x a m i n a t i o n and p h o t o g r a p h y (in­
cluding s t e r e o s c o p i c ) , l eak de t ec t i on , s t r e s s - r u p t u r e t e s t i n g of tub ing , 
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TABLE I.D.7. Status of EBR-II Experimental Irradiations as o( November K. 1969 (after Run 381 

Subassembly 
No. and 

(Position) 

XG03 
(7D1I 

XG04 
I7B1) 

X0188 
HE2) 

XO20 
(6BSI 

XOZIB 
QDl) 

X027 
(4B3I 

X033= 
(SB4> 

X034A 
(2F1) 

X035 
(7B3) 

X036 
(7E1I 

X038 
(7C5I 

XO40A 
(SB2I 

X041 
(7A31 

X043 

XOWC 
(7A1I 

X050 
I4C2) 

X051 
0A2) 

XOM 
(4E1I 

X055 
(6A4I 

X056 
(5C2) 

X057 

(2B1I 

X058 
(6F1) 

XOH 
(4A1I 

X06I 
(7A5I 

X062 
(ef3l 

X063 
(7F51 

X064 
(4f2J 

xoesA'̂  
(7E5I 

X069 
UFll 

Date 
Charged 

7/16/65 

7/16/65 

11V2/69 

1/13/67 

2/23/69 

11/21/67 

12/22/67 

9/3(V69 

4/13/68 

7/25/68 

5/7/68 

9/3(y69 

7/24/68 

2/2(V69 

9/2^68 

2/23/69 

12/16/68 

3/31/69 

2/23/69 

4/2/69 

2/2V69 

4/24/69 

4/23/69 

4/23/69 

5/23/69 

6/29/69 

5/28/69 

10/2/69 

10/1/69 

Capsule Content and 
(Number of CapsulesI 

UO2-2O wt * PuOj 

UO2-2O wt % PuO. 

Structural 
Structural 
Structural 
Structural 

LtO,-PuO, 

'Uo.8-S2"^ 
Struclurai 
Structural 
Graptiite 

Slructura! 
Structural 

U02-25 wl * PuO-
Structural 

(Uog-PUQ^IC 

Structural 
Structural 

Struclurai 

UO2-25 wt % PuO^ 

Structural 

UO2-20 wt * PuO; 
UO3-20 wt % Pu02 

Structural 

UO2-25 wt * PuO; 

Oxide Insulator 

U02-20 wt * PuO; 
U02-28 wt % PuO; 
U02-20 wt % PuO; 

'U0.82"P^0.18"^ 
Structural 

U0;-25 wt % PuO; 

U0;-25 wt % PuO; 

'UQ.SS-P'^O.IS'C 

UO;-25 wt % PuO; 

Structural 

U0;-25 wt % PuO^ 

UO;-25 wt % PuO; 

structural 

UO;-25 wl % PuO; 

Magnetic Materials 

UO;-25 wt % PuO; 

Struclurai 

UO2-25 wl % PuO^ 

( 21 

( 2) 

1 31 
( 2) 
( 1) 
( 11 

i 91 
( 31 
( 41 
( 21 
( 11 

( 6) 
( 1) 

{ISl 
1 1) 

(19) 

1 4) 
( 3) 

{ 71 

(19) 

( 71 

(181 
(161 

( 71 

(37) 

( 1) 

( 4) 
( 4) 
( 5) 
{ 2) 
( 4) 

07; 

(37) 

(19) 

(37) 

( 71 

(371 

(37) 

( 7) 

(371 

( 7) 

(19) 

(23) 

(37) 

Experi-
menler 

GE 

GE 

GE 
ANL 
ANL 
PNL 

GE 
UNC 
PNL 
ANL 
PNL 

FNL 
PNL 

GE 
PNL 

UNC 

ORNL 
ORNL 

OHNL 

GE 

INC 

ANL 
GE 

PNL 

G£ 

LASL 

GE 
GE 
ORNL 
W 
GE 

PNL 

PNL 

UNC 

GE 

PNL 

GE 

PNL 

INC 

GE 

ANL 

GE 

ANL 

PNL 

Accumulated 
Exposure 

(MWd) 

24,910 

26,106 

600 

16,069 

16,240 
7.276 

13.392 

12.539 

600 

13,184 

10,790 

12,766 

600 

11,226 

6,506 

9,901 

6,506 

7,951 

5,906 

7,276 

5,906 

7,276 

5,330 

5,330 

6.100 

4.198 

3,766 

4.198 

600 

600 

Estimated 
Goal 

Exposure 

28,700 

45,000 

10,000 

20,400 

23,200 
9,000 

16,000 

12,200 

3,800 

44.800 

43,300 

17,700 

4.800 

16,700 

11,000 

12,000 

7,500 

16,400 

10.000 

20,000 

10,600 

15.000 

16,000 

17,500 

18,000 

13,400 

5.400 

10,700 

600 

20,700 

0.2 
0.2 

3.0 

0.3 

0.3 
0,3 

3,6 

2.5 

0.1 

Burnup' 

6.4 

6,7 

+ 5.8" • 
+ i.B^ • 

0.2 
0.2 

6.5 
7.1 
4.5 
4.5 
4.5 

* 4.1' ' • 
3.0 

7.5 

5.3 

6.2 

+ 4.8b . 
0.3 

3.0 

2.8 

2.7 

* 3.51) • 

* 3,6b . 

2.4 

3.5 

1.6 

* n^ -
3.5 
3.5 
3.5 

* 5.3b • 

1.4 

3.1 

2.3 

2.9 

3.0 

2.Q 

1.8 

1.3 

1.8 

0.8 

2.3 

+ 0.3b • 

0.2 

i 

6.0 
6.0 

7.1 

5.1 

3.8 
3.9 

11.3 

7.8 

• 0.4 

^Estimated unperturbed center burnup accumulated on peak rod (fuels, at. 
bprevlous exposure from another subassembly. 
^Subassemblies X033, X044, and X065A are sctieduled tor removal before 

%; nonruels, nvt x 

fiun-39 startup. 
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sodium-bond and sodium-level testing, and neutron radiography. In addition, 
remotely operated equipment is being considered for the following opera­
tions: deencapsulation and reencapsulation, metal lographic-sample cutting, 
milling, and correction of defects in capsule sodium bonds observed during 
interim examinations. 

Some of the equipment for accomplishing the above func­
tions has been received at the Fuel Cycle Facility and are either being 
checked out or modified for in-cell installation. Other equipment is being 
designed or will be proposed for design and development. 

5. Materials-Coolant Compatibility (D. W. Cissel) 

a. Evaluation and Surveillance of EBR-II Materials 

Last Reported: ANL-7618, pp. 35-36 (Sept 1969). 

(i) Oxidation of Bi-Sn Alloy (W. E. Ruther) 

The factors influencing the rate of dross formation in the 
fusible seal of the EBR-II reactor were studied in the laboratory, using a 
rotating cylinder in a beaker of the fusible alloy Bi-42 wt % Sn. 

This brief investigation indicated that dross formation in a 
simple rotating system may be a complex process . A single, l inear oxida­
tion rate was found in only those few experiments in which the oxidation 
product did not mechanically interact with the rotor. 

In the more general case, the mechanical interaction of the 
dross with the rotating system resulted in substantially greater oxidation 
rates after an induction period. The oxidation rate during the induction 
period was shown to be related linearly to the circumferential velocity of 
the rotor in the range of velocities of interest in the EBR-II (0 to 100 in . / 
min) and to be independent of the rotor size. The very small effect of tem­
perature (between 160 and 200°C) during this induction period suggested 
that the influence of temperature on the chemical reaction is quite small 
for the range of interest to the reactor . 

The secondary oxidation ra te , reached after about 600 min, 
was related linearly to velocity for a given rotor , but was dependent on 
rotor size. The dross mechanically milled into the initially submerged 
rotor surfaces permitted access of oxygen to a much larger interface between 
liquid metal and air . Insufficient data were obtained to establish the re la­
tionship between the physical dimensions of the submerged rotor and the sec­
ondary oxidation rate. However, a single set of data at 200°C indicated an 
approximately proportional relationship between the secondary oxidation rate 
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at constant velocity and the vert ical submerged area of the two ro tors . This 
sort of relationship logically might be expected from the physical appear­
ance of the oxidized melt . 

The duration of the induction period was related inversely 
to the degree of wetting of the rotor by the liquid metal . It is suggested 
that the poorer bond between the solid and liquid resulted in more slippage 
at the interface and less mechanical force being transmitted to the liquid 
metal . As a consequence, less shearing was required in the liquid metal , 
and less tearing of the protective oxide film occurred. 

No large effect of melt composition on the secondary oxi­
dation rate was found for variations in tin content between 37 and 47 wt % 
or for addition of aluminum. Indium in a concentration of 4 wt % proved 
to be effective in reducing the rate at which the basic alloy formed dross . 
However, there was very little benefit derived from the indium addition 
when sodium (at the level found in the actual seal trough) was added to the 
alloy containing 4 wt % indium. 

(ii) Examination of Overheated Pr imary-sod ium Sampler 
(T. D. Claar) 

On Aug. 6, 1969, the heater circuits on the EBR-II p r imary-
sodium sampler wrere found to be energized. Apparently, the heaters had 
been left on after the sampling operation on Aug. 1. Since the overflow 
sampler had been heated to a temperature above 1000°F (the upper limit of 
the temperature indicator), it was removed from the system and examined. 

The resul ts of metallographic examination of three sections 
of the sampler follow: 

(a) Type 316 Stainless Steel Swagelok Fitting. In the as -
polished condition a thin oxide coating was present at the outer surface (air 
side); below this oxide, a subsurface reaction layer also was seen. Oxalic 
acid etching revealed that this layer contained nitride precipitates that were 
very s imilar to the nitr ides formed in Type 304 stainless steel foils during 
exposure to nitrogen at 1020°F for one week. 

The inner surface (sodium side) also contained a r e ­
action layer . The ID appeared to have undergone nitridation and oxidation, 
although the oxidation effect was masked by the heavy nitrides present in 
the layer . 

Etching of the section in boiling potassium ferricyanide 
solution showed that no sigma phase had nucleated during the overheating 
period. 
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(b) Type 304 Stainless Steel Tubing. The outer surface 
of the tubing exhibited an atmospheric oxidation product which penetrated 
intergranularly to a depth of ~0.8 mil in some a r e a s . The inner surface 
suffered some degree of intergranular oxidation. The loss of grains due 
to this penetration caused a general surface-roughening effect; however, 
the maximum depth of penetration on the inner surface was less than Imi l . 

Both the Type 316 and Type 304 stainless steel com­
ponents exhibited grain-boundary carbide precipi ta tes , indicating that the 
mater ia ls had been heated within their sensi t izat ion-temperature ranges. 

(c) Type 304L Stainless Steel Sodium-level Detector. 
This detector had been partially immersed in sodium while the remaining 
portion had been exposed to argon above the sodium level. The segment 
exposed to sodium was heavily oxidized to a depth of 1 mil . The section in 
the argon space exhibited slight intergranular oxidation less than 0.1 rnil 
deep in isolated a reas . 

The maximum temperature of the sampler during the 
overheating cannot be determined accurately. Study of the phases present 
in the stainless steels indicates a temperature within the broad range of 
1000-1650°F. 

The interactions of the stainless steels with their 
environments (air and sodium) and the heating effects were not great enough 
to cause doubt as to the safe operation of the sampler in the future. 

(iii) Examination of EBR-II Neutron Source (Tantalum-clad 
Antimony Source SO-1915) (R. V. Strain, V. G. Eschen, and 
D. M. Cheney) 

Pre l iminary results have been obtained from the post irradia­
tion examination of EBR-II neutron source SO-1915. This source had been 
in the reactor (in Row 7) since initial startup and had accumulated a calcu­
lated maximum total fluence of approximately 4 x 10^^ nvt. Post i r radiat ion 
examination included measuring the diameter of the source, and performing 
metallographic analyses and density determinations with samples of the 
tantalum cladding of the source. 

Table l.D.8 compares the diameters of the i r radiated source 
with those of an unirradiated control source fabricated from the same lot of 
tantalum tubing. These data indicate that an increase in diameter occurred 
as a result of irradiation. These initial measurements were made with a 
micrometer ; more accurate measurements will be made soon. 



TABLE l.D.8. Diameters (in.) of Irradiated Source SO- 1915 
and Unirradiated Control Source 

Distance from Top (in.) 
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SO-1915 
Control 

0.930 
0.915 

0.924 
0.914 

0.919 
0.914 

0.920 
0.914 

0.922 
0,914 

0.922 
0.914 

T a b l e l .D.9 c o m p a r e s the d e n s i t i e s of s a m p l e s of the i r r a ­
d i a t ed and the u n i r r a d i a t e d c l add ing . T h e s e data ind ica te tha t i r r a d i a t i o n 
swel l ing of ~4 vol % o c c u r r e d n e a r the m i d l e n g t h and b o t t o m r e g i o n s of the 

i r r a d i a t e d s o u r c e . The dens i t y 
TABLE l.D.9. Densities (g/cc) of Samples 

of Tantalunn Cladding from Irradiated 
Source SO- 1915 and Unirradiated 

Control Source 

Sample Location 

Top Midlength Bottom 

SO-1915 
Control 

16.5 
16.67 

16.0 

16.69 
16.0 
16.68 

TABLE l.D.10. Microhardnesses of 
Samples of Tantalum Cladding from 

Irradiated Source SO- 1915 and 
Unirradiated Control Source 

d e t e r m i n a t i o n s w e r e m a d e by the 
i m m e r s i o n t e c h n i q u e , us ing CCI4. 
The s a m p l e s f rom SO- 1915 w e r e 
v e r y s m a l l ; l a r g e r s a m p l e s wi l l be 
r u n to i m p r o v e the a c c u r a c y of the 
d e t e r m i n a t i o n s . 

M e t a l l o g r a p h i c e x a m i n a t i o n 
of s a m p l e s f r o m the top , m i d d l e , and 
bo t tom of the i r r a d i a t e d s o u r c e r e ­
v e a l e d no ev idence of c o r r o s i o n at 

e i t h e r the OD or the ID s u r f a c e s of the tub ing . The g r a i n s i ze v a r i e d con­
s i d e r a b l y f r o m s a m p l e to s a m p l e , be ing s m a l l e s t a t the b o t t o m reg ion and 
l a r g e s t n e a r the top end. Whe the r 
t h e s e v a r i a t i o n s o c c u r r e d dur ing 
f a b r i c a t i o n or r e s u l t e d f r o m i r r a ­
d ia t ion h a s not b e e n d e t e r m i n e d . 
Tab le l .D. 10 c o m p a r e s the m i c r o -
h a r d n e s s e s of s a m p l e s of the i r r a ­
d ia ted and u n i r r a d i a t e d c ladd ing . 
T h e s e m e a s u r e m e n t s show that con­
s i d e r a b l e i r r a d i a t i o n h a r d e n i n g o c ­
c u r r e d in the t a n t a l u m m a t e r i a l . 
A m i c r o h a r d n e s s t r a v e r s e r ang ing 
f rom the ou t s ide d i a m e t e r to the in­
s ide d i a m e t e r of the tubing showed 
no h a r d n e s s d i f f e r e n c e s . The m e a s u r e m e n t s w e r e t aken in about 0 .005- in . 
i n c r e m e n t s s t a r t i n g wi thin 0.003 in. of the two s u r f a c e s . 

b . E x a m i n a t i o n of M a t e r i a l s f r o m E B R - I I S u r v e i l l a n c e 
S u b a s s e m b l i e s (S. G r e e n b e r g ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , p . 36 (Sept 1969). 

The g r a p h i t e - c o n t a i n i n g cans f r o m SURV-2 have b e e n cut 
open , and the d e n s i t y of the g r a p h i t e d e t e r m i n e d . Tab le l .D . 11 g ives the 

SO-1915 
Control 

T o p 

217 
98.3 

Sannple Locat ion 

Midlength 

302 
82.1 

Bot tom 

311 
78.0 

^Average Diamond Pyramid hardness 
values. 
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r e s u l t s . T h e t e m p e r a t u r e d u r i n g i r r a d i a t i o n w a s a p p r o x i m a t e l y 3 7 0 ° C . 

M e t a l l o g r a p h y of t h e s t a i n l e s s s t e e l i s i n p r o g r e s s . 

TABLE I.D.I 1. Effect of Reactor Exposure I t i s o b v i o u s t h a t t h e r e h a s 
on Density of Graphite inSURV-2 b e e n n o s w e l l i n g s i n c e a n i n c r e a s e 

Density (g/cm^) 
i n d e n s i t y w a s o b s e r v e d . A n i n -

Type of c r e a s e i n d e n s i t y a t a p p r o x i m a t e l y 
Graphite Before Exposure After Exposure 4 ^ J Q ^ ' n v t i s n o t a l t o g e t h e r 

Plain 1.5419-1.6376'' 1.6933 u n e x p e c t e d . * . * * 
Borated 1.5601 1.5639 

T h e t h i c k n e s s of t h e c a r -
^Range for six lots. b u r i z e d z o n e o n t h e i n t e r i o r of t h e 

c a n s w a s s i m i l a r i n g e n e r a l t o t h a t 

a f t e r t h e S U R V - 1 e x p o s u r e , i . e . , ~ 0 . 0 3 t o 0 . 0 4 m m . H o w e v e r , i n c o n t r a s t 

w i t h S U R V - 1, i n w h i c h a l l g r a p h i t e w a s e a s i l y r e m o v a b l e f r o m t h e c a n s , 

s o m e s t i c k i n g o c c u r r e d i n S U R V - 2 . A d d i t i o n a l e x a m i n a t i o n i s i n p r o g r e s s 

t o d e t e r m i n e if t h e r e h a d b e e n a r e a c t i o n b e t w e e n t h e g r a p h i t e a n d s t a i n ­

l e s s s t e e l . 

T e n s i l e s a m p l e s h a v e b e e n p r e p a r e d f r o m t h e c a n m a t e r i a l . 

c. Effect of I n t e r s t i t i a l E l e m e n t s in E B R - I I Sodium (W. E . Ru the r ) 

L a s t Repor t ed : A N L - 7 6 1 8 , p . 37 (Sept 1969). 

A se t of r e f r a c t o r y m e t a l w i r e s inc luding V, Nb, and V - C r 

a l loys w e r e exposed to the p r i m a r y coolan t dur ing the 62.5-MWt E B R - I I 

run . All w i r e s , including those of p u r e v a n a d i u m , a p p e a r to have s u r v i v e d 

the e x p o s u r e . They a r e being p r e p a r e d for eva lua t ion of i n t e r s t i t i a l con­

tent by i n t e r n a l f r i c t ion t e c h n i q u e s . 

d. L M F B R M a t e r i a l s E v a l u a t i o n s (W. E . R u t h e r ) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , p . 4 7 (Aug 1 9 6 9 ) . 

T h e d e s i g n of t h e M a r k - K l h i g h - t e m p e r a t u r e s u b a s s e m b l y f o r 
m a t e r i a l s e x p o s u r e h a s b e e n c o m p l e t e d . T h e d e s i g n o u t l e t - s o d i u m t e m ­
p e r a t u r e i s 1 2 5 0 ° F f o r 5 0 - M W t o p e r a t i o n . I t i s e s t i m a t e d t h a t t h e o u t l e t -
s o d i u m t e m p e r a t u r e w o u l d b e ~ 1 0 0 ° F h i g h e r u n d e r 6 2 . 5 - M W t o p e r a t i n g 
c o n d i t i o n s . 

Industrial Graphite Engineering Handbook, Union Carbide Co.. Ch. 6, "Nuclear Graphite" (June 1961). 
Reynolds, W. N.. "Physical Properties of Graphite," Ch. 7. Elsevier Publ. Co., Amsterdam (1968). 



51 

6. Systems Engineering (B. C. Cerutti) 

a. Surveillance, Evaluation and Studies of Systems 

Last Reported: ANL-7632, pp. 49, 51-52 (Oct 1969). 

(i) Surveillance and Evaluation of EBR-II Flow-monitoring 
System (R. O. Haroldsen) 

A study of the numerous flow monitors in the EBR-II shut­
down circuit was initiated to determine if the flow-monitoring system could 
be simplified without compromising reactor safety. The study includes 
some computer analysis of reactor temperature t ransients following simul­
taneous failure of both pr imary coolant pumps as well as other 
considerations. 

b. Plant Improvements 

Not previously reported under this heading. 

(i) Rotating-plug Seal-cleaning System (L. P . Cooper) 

The new f reeze-sea l temperature-control system was in­
stalled during the reactor shutdown. 

The blade thermocouples of the large and small plugs (12 
and 8, respectively) were removed and replaced with ungrounded iron-
constantan thermocouples. These thermocoupl^es were accurately posi­
tioned vert ical ly by Swagelok fittings. 

The in-plug controller , the control cabinet for the small 
plug, and the ammeter and a la rm panel were removed, as were the exten­
sion leads for the thermocouples in the troughs of the large and small plugs. 
The rewiring associated with this modification was done simultaneously 
•with equipment removal . 

The original 0.9X Variac was removed and replaced by new 
Variacs for the lower heaters of the large and small plugs, making the seal-
heating systems of the two plugs independent of each other. The lower-
heater sections of the small plug were relocated by a minor rewiring change. 
The tempera ture-cont ro l cabinets for the large and small plugs and the 
ammeter cabinet for the seal heater were installed. The cabinets then were 
wired in place. Thirteen faulty blade heaters were located; the necessa ry 
repa i r s were made to place these heaters back into operation. 

Checkout was completed for rewiring changes in motor con­
trol center R-4 and for the two Variacs which had been installed. The 
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control and a larm functions of the tempera ture-cont ro l system were checked 
and found satisfactory. The freeze seals were melted, and power to the seal 
heaters was adjusted. 

The remaining work consists of checking the hea te r s , ad­
justing the heater sections to equalize heat distribution, and monitoring 
the controller operation. 

(ii) Installation of Instrumented Subassembly ( j . B. Waldo) 

The instrumented-subassembly drive system and the tes t -1 
subassembly were installed in control-rod position No. 6 after the existing 
control-rod drive and its associated equipment had been removed. Since 
the control-rod drive was still usable, it was sealed in a specially designed 
storage tube pressur ized with argon. This storage procedure •will allow 
reuse of the drive without disassembly for cleaning. 

Six control-rod drives were partially disassembled to 
allow access to the central support column. An extension column, used to 
support the instrumented-subassembly elevation drive, then •was installed 
along with the bellows-support s tructure and other auxiliary equipment. 
The control-rod drives were reassembled after the installation had been 
completed. 

Circuit and operational checkout of the instrumented sub­
assembly was performed, first using a temporary control cabinet. When 
operation was shown to be satisfactory, the subassembly was connected to 
the fuel-handling console, and complete interlock and circuit checkouts 
were performed in fuel-handling sequences A and H. After the checkouts, 
the pr imary pumps were started to allow monitoring of the temperature 
and flow-readout instrumentation of the subassembly. This completed the 
testing of the subassembly. 

Next, the gripper that secured the extension tube to the 
subassembly was removed by using the pulling pipe. The lead-cutting tool 
and drive were installed, and the leads were severed without difficulty. 
The extension tube and the cutoff tool were removed as an assembly, using 
the pulling pipe. Separation of the extension tube from the subassembly 
was very smooth. The subassembly was removed from the reac tor , using 
the normal fuel-handling equipment, and t ransfer red to the temporary 
coffin. 

The test-2 instrumented subassembly was t ransfe r red 
from its shipping container to a storage hole, where all final checks were 
performed. The subassembly then was installed in the preheater and heated 
to approximately 620°F. Test 2 was next installed in the p r imary tank, and 
final assembly is in p rogress . 
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'?• L e a k D e t e c t i o n and L o c a t i o n - - X e n o n Method (R. E . Rice) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp . 4 0 - 4 3 (Sept 1969). 

a- S t a tu s of Xenon T a g s (P . B. Henaul t and W. J . L a r s o n ) 

The a n t i c i p a t e d r e q u i r e m e n t s for xenon t ags for the next t h r e e 
y e a r s have b e e n f o r e c a s t . F i g u r e l .D.2 s u m m a r i z e s the p r e s e n t s t a t u s and 
p r e d i c t e d n e e d s . T h i r t y - n i n e d i f fe ren t t ag s m a y be r e q u i r e d at one p e r i o d 
s o m e t i m e dur ing the nex t t h r e e y e a r s , p r o b a b l y not un t i l e a r l y in CY 1972. 
After t ha t p e r i o d , t ag s now in u s e wi l l be r e m o v e d f r o m s e r v i c e a s c e r t a i n 
s u b a s s e m b l i e s c o m p l e t e t h e i r i r r a d i a t i o n s , and new t ags wi th the s a m e 
xenon r a t i o s a s in t h o s e s u b a s s e m b l i e s m a y be u s e d in s u b a s s e m b l i e s 
be ing i n s e r t e d into the r e a c t o r for the f i r s t t i m e . 

E i g h t e e n unique t ags have been p r e p a r e d , and seven of t h e s e 
a r e in u s e o r have b e e n d e s i g n a t e d for u s e . The 11 r e m a i n i n g t ags should 
fill the n e e d s of E B R - I I t h r o u g h Ju ly 1970. T h e s e t ags w e r e p r e p a r e d in 
t h r e e s e p a r a t e b a t c h e s , a r b i t r a r i l y d e s i g n a t e d the A l , A2 , and A3 s e r i e s . 
E a c h b a t c h c o n s i s t s of n a t u r a l xenon and an i so top i ca l l y e n r i c h e d xenon 
m a d e by Mound L a b o r a t o r y . E n r i c h m e n t has been d i f fe ren t i a ted by the 
c o n c e n t r a t i o n of the l i g h t e s t i s o t o p e , ' " X e . The A l s e r i e s was b lended 
f r o m a n o m i n a l 12%-enr i ched xenon, the A2 f r o m 6%, and the A3 f rom 1%. 

T a b l e s l .D. 12, l .D. 13, and l .D. 14 show the i so top ic c o m p o s i t i o n s 
of the f i r s t t h r e e s e r i e s of t a g s . Also shown is the r a t i o of '^ 'Xe to ' " X e 
c o n c e n t r a t i o n s , a conven ien t m e a n s for identifying e a c h spec i f ic t ag . Other 
r a t i o s could be u s e d , but '^''Xe and '^'Xe a r e among those i so topes l e a s t 
in f luenced by f i s s ion y ie ld and b u r n u p . , 

TABLE l.D.12. Isotopic Composition 
of Al Series of Xenon Tags 

Isotope 

124 
126 
128 
129 
130 
131 
132 
134 
136 

129/124 Ratio 

Tag 1 

12.10 
4.80 

16.70 
58.78 

2.25 
3.13 
1.70 
0.29 
0.25 

4.86 

Isotopic 

Tag 2 

8.95 
3.27 

12.20 
47.90 

2.81 
8.80 
9.48 
3.53 
3.06 

5.35 

Composition 

Tag 3 

5.82 
2.37 
9.11 

42.46 
3.22 

12.35 
14.50 

5.52 
4.65 

7.30 

(vol %) 

Tag 4 

4.45 
1.81 
7.31 

38.78 
3.48 

14.30 
17.70 
6.75 
5.42 

8.72 

Tag 5 

1.99 
0.85 
4.29 

31.72 
3.85 

18.15 
22.91 

8.72 
7.52 

15.94 



Experi- Exp. or 

menter S/A No. S/A Type Month ^ 

GE 
PNL 
EBR-II 

PNL 
PNL 
EBR-II 

EBR-II 

NUMEC 

NUMEC 
EBR-PNL 

EBR-PNL 

EBR-PNL 

EBR-PNL 

GE 
PNL 
PNL 
WARD 

WARD 

WARD 

PNL 
PNL 
PNL 
GE 
GE 
GE 
PNL 
PNL 
PNL 
GE 
NUMEC 

NUMEC 

PNL 
WARD 

WARD 

UNC 
UNC 
GE 
PNL 
PNL 
ANL 
ANL 
ANL 

X05S 
X069 

XXOl 

X073 

X074 

-
-
-
-

f - l l -A 
PNL-9 
PNL-17 

-
-

PNL-10 
PNL-II 
PNL-13 
F-ll-B 
F-ll-C 
F-ll-D 
PNL-14 
PNL-15 
PNL-16 
F-9-E 

PNL-18 

-
-
-

F-U-E 

-
-
-

F-37 
H-37 
Inst S;A 
H-37 
H-37 
E-61 
E-61 
B-6IA 
B-61A 
E-37 
E-37 
B-61A 
S-61A 
J-37 
B-61A 
Inst. S/A 
Grid 
Grid 
Grid 
6-61A 
B-61A 
B-61A 
J-37 
J-37 
J-37 
B-61A 
B-61A 
B-61A 
6-61A 
B-61A 
B-61A 
B-61A 
E-37 
E-37 
B-37 
B-37 
J-37 
B-61A 
B-6IA 
E-37 
E-37 
F-37 

Number of Assigned 
Xenon Tag Mixtures 

Fig. l.D.2. Forecast of Anticipated EBR-II Requirements for Xenon Tag Mixtures through CY 1973* 

*Dashed lines denote that a xenon tag mixture has been assigned and sent to the experimenter for the indicated subassembly or 
group of fuel elements. 
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TABLE l.D.13. Isotopic Composition of A2 Ser ies of Xenon Tags 

Xenon 
Isotope 

124 
126 
128 

129 
130 
131 
132 
134 
136 

129/124 Ratio 

Tag 1 

5.58 
1.92 

10.32 
63.02 

4.32 
9.43 
5.03 
0.34 
0.026 

11.29 

Tag 2 

3.80 
1.31 
7.61 

51.9 
4.13 

13.1 
11.8 
3.57 
2.75 

13.66 

Isotop 

Tag 3 

2.58 
0.90 
5.75 

44.0 
4.16 

15.6 
16.6 

5.68 
4.80 

17.05 

ic Comp 

Tag 4 

2.08 
0.73 
4.83 

39.9 
4.04 

16.9 
19.1 
6.83 
5.68 

19.18 

osition { 

Tag 5 

1.48 
0.55 
3.99 

36.2 
4.05 

18.0 
21.1 

7.88 
6.65 

22.91 

vol %) 

Tag 6 

1.19 
0.44 
3.47 

34.0 
3.96 

18.8 
22.5 

8.43 
7.17 

28.57 

Tag 7 

0.91 
0.35 
3.11 

32.1 
4.03 

19.4 
23.5 

9.00 
7.69 

35.27 

Tag 8 

0.72 
0.30 
2.85 

30.8 
4.01 

19.7 
24.3 

9.33 
7.97 

42.78 

TABL.E l.D. 14. Isotopic Composition of A3 Ser ies of Xenon Tags 

Isotope 

124 
126 
128 
129 
130 
131 
132 
134 
136 

129/124 Ratio 

Tag 1 

1.257 
0.834 
8.02 

63.50 
5.25 

13.11 
7.46 
0.496 
0.080 

50.52 

Isotopic 

Tag 2 

0.957 
0.646 
6.46 

53.86 
4.94 

15.20 
12.51 

3.08 
2,35 

56.28 

Composition 

Tag 3 

0.779 
0.528 
5.55 

48.26 
4.77 

16.40 
15.44 
4.60 
3.68 

61.95 

(vol %) 

Tag 4 

0.641 
0.440 
5.10 

43.81 
4.62 

17.32 
17.66 

5.72 
4.69 

68.35 

Tag 5 

0.535 
0.369 
4.25 

40.33 
4.53 

18.16 
19.60 
6.65 
5.59 

75.38 

Table l.D. 15 lists those specific tags which have been desig­
nated for use or are already in use. The subassemblies noted in the table 
correspond to the dotted lines in Fig. l.D.2. 

TABLE l.D.15. Xenon Tags Now in Use or 
Designated for Use in EBR-II 

Tag Designation^ 
(Ser ies /Tag 

A I / 2 
A I / 3 
A I / 5 
A2/ I 
A2/3 
A2/7 
A3/1 

No.) Exper imenter 

Battelle 
Battelle 
Argonne 
G E 
G E 
Battelle 
Battelle 

No. ol 
Experiment or 
Subassembly 

X073 
X074 
XXOl 
X058 
F - l l A 
PNL-17 
X069 

Date Put 
into Core 

12/69 
12/69 
11/69 
4/24/69 
Open 
Open 
10/1/69 

^Refers to se r i e s designation and tag nunnber in 
Tables l.D.12 through l.D.14. 
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Efforts to increase the number of tags available a re proceeding 
in three directions: 

(1) Development of a B Series of Tags. Inasmuch as ^ Xe 
could be produced from the thermal-pi le i rradiat ion of '^ ' l , an ear ly p ro ­
posal was made to blend '^'Xe with varying mixtures of enriched xenon 
from M, and Laboratory. These mixtures , te rmed the B se r i e s , if blended 
with the same conservatism as the A se r i e s , would provide about the same 
number of tags as the A se r i e s . A purchase order for the development 
of a manufacturing process for '^*Xe recently has been issued to Douglas 
United Nuclear, Inc. Devevelopment is expected to be completed in six 
months. The purchase order also includes the option to produce a 1-liter 
pilot quantity of '^*Xe. 

(2) Development of a C Series of Tags. Quantities of Mound 
Laboratory xenon enriched in ' "Xe to 5% (720 cc) and 20% (480 cc) were 
purchased. Calculations indicate that the greates t number of additional 
tags can be prepared by blending this xenon with " 1% " Mound Laboratory 
xenon. These tags will be termed the C se r i e s . Approximately 30 tags 
should be available from this se r i e s . 

The Idaho Facil i t ies chemical analytical laboratory is 
preparing equipment for the blending of this se r i e s . The first C-ser ies 
tags are expected to be blended in Jan 1970. The same apparatus will be 
used for blending the B ser ies when ^ Xe becomes available. 

(3) Refinement of Recovery and Identification Capabilit ies. 
The total number of unique tags available from the A, B, and C ser ies is 
conservatively estimated to be of the order of 60 to 70. However, calcula­
tions based on more realist ic limits and anticipated efficiencies of the tag-
sampling system, charcoal t rap , mass spectrometer , etc. put the total 
possible number of available tags from these three ser ies at several hun­
dred. Efforts are being made to refine the present techniques and establish 
limits for important variables where possible. These efforts include: 

a) experiments to determine xenon solubility and entrap­
ment in the pr imary coolant, 

b) experiments to determine the effects of irradiation on 
tag ra t ios , 

c) increasing of the sensitivity of the mass spectrometer 
to the ultimate limit, 

d) provision of the capability to conduct the best possible 
calibration of the mass spectrometer , and 

e) study of the feasibility of better tag-injection techniques. 
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b. Xenon-tag-sampling System (C . W. Wilkes) 

Drawings and specifications for the xenon-tag-sampling system 
have been completed, and the components are being fabricated and installed. 
This system will utilize a charcoal-bed cold t rap to concentrate the fission-
product xenon isotopes for analysis by a mass spectrometer . 

c. Increased-capaci ty Purging System for P r i m a r y Cover Gas 
(C. L. Livengood) 

P re l iminary design of a higher-capacity system for purging the 
pr imary- tank cover gas has been started. The objective of this system is 
to permi t purging of a xenon tag from the pr imary- tank cover gas within 
12 hr after a subassembly containing a leaking fuel element or capsule has 
been removed from the reactor . 
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8. R e a c t o r A n a l y s i s , T e s t i n g and Me thods D e v e l o p m e n t 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp. 52-65 (Oct 1969). 

a. N u c l e a r and T h e r m a l A n a l y s e s 

(i) BEMOD C a l c u l a t i o n s of a R o w - 7 B lanke t F u e l P i n 
(J . F . Koen ig , C. C. F o r d , and C. M. W a l t e r ) 

The BEMOD c o m p u t e r p r o g r a m was u s e d to d e t e r m i n e the 
c h a r a c t e r i s t i c s of a b l anke t fuel pin d u r i n g i r r a d i a t i o n in r e a c t o r Row 7 of 
E B R - I I . Ca l cu l a t i ons w e r e m a d e for t he hot pin ad j acen t to the c o r e wi th 
the r e a c t o r o p e r a t i n g at 50 and at 62.5 MWt. The s tudy w a s conduc ted to 
d e t e r m i n e the f ea s ib i l i t y of i n c r e a s i n g the i r r a d i a t i o n beyond the c u r r e n t 
bu rnup l i m i t of 0.27 at . %. The r e s u l t s of the c a l c u l a t i o n s i n d i c a t e tha t the 
bu rnup could be i n c r e a s e d to 0.5 at . %. 

F o r an u n i r r a d i a t e d b l anke t fuel p in , fuel e x p a n s i o n of 11% 
can be a c c o m m o d a t e d b e f o r e the fuel c o n t a c t s the c l add ing . S ince the 
voluime of cold s o d i u m is about double the i n i t i a l v o l u m e of gas in the 
e l e m e n t , t h e r e is a p o s s i b i l i t y of deve lop ing h igh gas p r e s s u r e s if swe l l ing 
of the fuel and t h e r m a l expans ion of the s o d i u m c a u s e d i s p l a c e m e n t of 
sufficient s o d i u m to the s p a c e n o r m a l l y occup ied by the g a s . 

The b lanke t f u e l - s w e l l i n g c h a r a c t e r i s t i c s w e r e b a s e d on 
P N L s t u d i e s * of fuel wi th s i m i l a r c o m p o s i t i o n . The t e m p e r a t u r e dependence 
i s g iven by the following equa t ion , wi th a max innum swel l ing of 120% p e r 
p e r c e n t of b u r n u p o c c u r r i n g at 895°F: 

A V / v = % b u r n u p ( 1 . 2 - ' - ^ ' " ' ° - ^ ^ ^ T ' ) 

1+ ( P / 2 5 0 ) ( l - 0 .75x lO-^AT^) 

w h e r e P is the l a r g e r of the p l e n u m p r e s s u r e or the f u e l - c l a d d i n g con tac t 
p r e s s u r e in p s i , and AT is the d i f f e r ence b e t w e e n 895°F and the a v e r a g e 
fuel t e m p e r a t u r e in ° F . It was a s s u m e d tha t the fuel was c o m p r e s s i b l e and 
that a p r e s s u r e of 1000 p s i would c o m p r e s s t he swe l l i ng 80% at t he m a x i ­
m u m fue l - swe l l i ng t e m p e r a t u r e . The i n i t i a l c a l c u l a t i o n , r e p o r t e d in 
ANL-7632 , i nd i ca t ed tha t the m a x i m u m fuel swe l l ing o c c u r r e d h i g h e r in 
the pin than did the m a x i m u m m e a s u r e d s w e l l i n g . T h e r e f o r e , the m a x i m u m 
fue l - swe l l i ng t e m p e r a t u r e was r e d u c e d f r o m 995 to 895°F to b r i n g the 
m e a s u r e d and c a l c u l a t e d swel l ing in to a g r e e m e n t . F o r the 62 .5 -MWt hea t 
r a t i ng , the m a x i m u m swel l ing t e m p e r a t u r e o c c u r s a t the a x i a l flux peak . 
This ca l cu l a t i on should r e p r e s e n t the w o r s t f u e l - s w e l l i n g cond i t ion . 

A s u b a s s e m b l y p o w e r g e n e r a t i o n of 114 kW w a s u s e d for a 
7N4 pos i t ion . This c o r r e s p o n d s to an e x p o s u r e of 12,000 MWd at a m a x i m u m 

Legeu, R. D.,_et al̂ ., Basic Swelling Studies, BNWL-SA-154 (Sept. 19, 1965). 
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b u r n u p of 0.27 at . %, which is r e p r e s e n t a t i v e of c u r r e n t Row-7 e x p o s u r e 
l i m i t s . Due to the r a d i a l flux p ro f i l e , the hot pin in the s u b a s s e m b l y would 
g e n e r a t e 42% m o r e hea t than the a v e r a g e . Th i s c o r r e s p o n d s to 8500 W/p in , 
o r 5700 B t u ' h r - f t . If the 2 2 . 2 - g p m s u b a s s e m b l y flow is a s s u m e d to d i s t r i b ­
ute i t se l f u n i f o r m l y in t he s u b a s s e m b l y , the coolant ad jacen t to the hot pin 
would r e a c h 892°F. The hea t r a t i n g , c o o l a n t - t e m p e r a t u r e r i s e , and n e u t r o n 
flux for 50 -MWt o p e r a t i o n w e r e i n c r e a s e d by 25% to d e t e r m i n e b l a n k e t - p i n 
swe l l ing c h a r a c t e r i s t i c s at 62.5 MWt. The swel l ing of the annea l ed 
Type 304 s t a i n l e s s s t e e l c ladding which is c a u s e d by n e u t r o n f luence was 
p r e d i c t e d by the following equa t ion :* 

Av/v 4.9 X 1 0 ' (0t)' 10 

w h e r e AV/V is the c ladding swel l ing in p e r c e n t and T is the t e m p e r a t u r e 
in °K. F o r the b l anke t pin, BEMOD c a l c u l a t e s tha t m o s t of the c ladding 
swel l ing is due to n e u t r o n f luence . 

Fig. l.D.3. Calculated and Meas­
ured Swelling of Fuel 
in an EBR-II Blanket 
Subassembly 

The BEMOD ca l cu l a t i ons ind ica te tha t the 
fuel expands r a t h e r r ap id ly and would be in con tac t 
wi th the c ladding a t ~ 0 . 1 5 - a t . % b u r n u p . Once 
con tac t i s m a d e , the fuel is c o m p r e s s e d and i t s 
r a t e of g rowth r educed . The con tac t p r e s s u r e i s 
m u c h g r e a t e r than the p l e n u m p r e s s u r e and wi l l 
c a u s e the c ladding to c r e e p . The c a l c u l a t e d fuel 
swel l ing at the c u r r e n t bu rnup l imi t (0.27 a t . %) 
is shown in F i g . l . D . 3 , which a l s o shows the 
a v e r a g e m e a s u r e d fuel swel l ing at th i s b u r n u p . 
The a g r e e m e n t be tween the two i n d i c a t e s that 
the fue l - swe l l i ng m o d e l i s a c c e p t a b l e , and, 
t h e r e f o r e , the c a l c u l a t e d gas p r e s s u r e in the pin 
should be r e p r e s e n t a t i v e of the a c t u a l p i n p r e s s u r e . 

The m a x i m u m c a l c u l a t e d b u r n u p s at 2% m a x i m u m cladding 
g rowth a r e s u m m a r i z e d in Tab le l .D. 16. The m a x i m u m cladding g rowth 
dur ing b u r n u p is shown in F i g . l .D.4. 
At 0 . 27 -a t . % b u r n u p , 95% of the 
c a l c u l a t e d c ladding g rowth i s due 
to n e u t r o n f luence . At 2% to t a l 
g rowth , ~ 7 5 % of t he g rowth is due 
to n e u t r o n f luence . The r e m a i n d e r 
of the g rowth o r i g i n a t e s p r i m a r i l y 
f r o m fue l - c l add ing con tac t p r e s ­
s u r e , which r e a c h e s a m a x i m u m 
va lue of 1000 p s i . The bui ldup 
of p r e s s u r e in the gas p l e n u m is 

*Claudson, T., PNL, private communication. 

TABLE l.D. 16. Maximum Blanket-pin 
Burnup at 2% Cladding Growth 

Condition 

Maximum 
Burnup Irradiation 
(at. %) Time (MWd) 

50 MWt 
5700 Btu/hr 

62,5 MWt 

0.536 

7100 Btu/hr-ft 0.530 

24,000 

23,900 
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BURNUP, Ot % 

l.D.4, Calculated Maximum Growth 
in Cladding vs Bumup in 
Blanl<et Subassembly 

n e g l i g i b l e , r i s i n g t o a m a x i m u m v a l u e of 

o n l y 2 0 0 p s i . T h e c l a d d i n g g r o w t h a n d 

r e s u l t a n t c r e e p a r e c o n t r o l l e d b y t h e f u e l -

c l a d d i n g c o n t a c t p r e s s u r e r a t h e r t h a n t h e 

p l e n u m p r e s s u r e . T h e m a x i m u m b u r n u p a t 

2% c l a d d i n g g r o w t h i s e s s e n t i a l l y u n a f f e c t e d 

b y t h e a l l o w a b l e v a r i a t i o n i n t h e i n i t i a l 

s o d i u m l e v e l . 

T h e r e s u l t s of t h e s e c a l c u l a t i o n s 

i n d i c a t e t h a t t h e b u r n u p l i m i t c a n b e i n ­

c r e a s e d t o ~ 0 . 5 a t . %, w h i c h c o r r e s p o n d s 

t o 2% c l a d d i n g g r o w t h . W h e n t h i s g r o w t h 

i s r e a c h e d , t h e s p a c i n g b e t w e e n s u b a s s e m ­

b l i e s w i l l b e r e d u c e d t o t h e p o i n t w h e r e t h e 

s u b a s s e m b l i e s w i l l h a v e t o b e r e p l a c e d . 

b . E B R - I I R e a c t o r S a f e t y S u r v e i l l a n c e (A . V . C a m p i s e ) 

T h e A I R O S d y n a m i c - s i m u l a t i o n d i g i t a l c o d e h a s p r o v e d h i g h l y 
e f f e c t i v e i n p r o v i d i n g a n a l y t i c a l s o l u t i o n s t o a w i d e s p e c t r u m of E B R - I I 
d y n a m i c - r e s p o n s e a n d s a f e t y p r o b l e m s . P r o p o s e d i m p r o v e n n e n t s i n t h e 
e x i s t i n g A I R O S c o d e w i l l a d a p t t h e p r o g r a m t o s p e c i f i c E B R - I I s a f e t y 
q u e s t i o n s . T h e m o d i f i e d A I R O S p r o g r a m w i l l p r o v i d e t h e E B R - I I P r o j e c t 
w i t h a n e x c e l l e n t m e a n s of s i m u l a t i n g v a r i o u s a b n o r m a l r e a c t o r o p e r a t i n g 
c o n d i t i o n s . 

T h e d y n a m i c - s i m u l a t i o n m o d e l c o u p l e s t h e n e u t r o n i c - t h e r m a l -

h y d r a u l i c e f f e c t s i n h e r e n t i n t h e E B R - I I c o r e i n a c l o s e d - l o o p r e a c t i v i t y -

f e e d b a c k s y s t e m t o a n a l y z e e x p e r i m e n t a l r o d - d r o p d a t a . If o n l y t h e e f f e c t s 

of f u e l a x i a l e x p a n s i o n a n d s o d i u m d e n s i t y a r e u s e d , t h e r o d - d r o p d a t a o v e r 

t h e f i r s t 4 0 s e c of e x p e r i m e n t r e c o r d i n g t i m e c a n b e r e p r o d u c e d q u a l i t a t i v e l y 

( t i m e r e s p o n s e ) a n d q u a n t i t a t i v e l y ( m a g n i t u d e of r e a c t i v i t y f e e d b a c k ) . B y 

a s s u m i n g a v a l u e f o r o n e p a r a m e t e r ( v a r i a b l e p o s i t i v e b o w i n g c o e f f i c i e n t ) 

a n d u s i n g p r e d i c t e d n e g a t i v e f e e d b a c k s t h a t a r e i n d e p e n d e n t of p o w e r l e v e l 

a t fu l l f l o w , r o d - d r o p d a t a a c q u i r e d f o r s t a i n l e s s s t e e l - r e f l e c t e d c o r e s c a n 

b e s h o w n t o a g r e e w i t h t h i s a s s u m e d m o d e l . T h e s e m i q u a n t i t a t i v e r e s u l t s 

o b t a i n e d a g r e e w i t h t h e r e s u l t s of o t h e r t y p e s of m e a s u r e m e n t s m a d e d u r i n g 

t h e t i m e t h e E B R - I I w a s l o a d e d w i t h a s t a i n l e s s s t e e l r e f l e c t o r . T h e f o l l o w ­

i n g c o n c l u s i o n s c o m e f r o m t h e a p p l i c a t i o n of t h i s m o d e l . 

1. T h e p r o m p t - f e e d b a c k n e t w o r k i n E B R - I I t h r o u g h R u n s 3 6 A 
i s c o m p o s e d p r i n c i p a l l y of e f f e c t s c a u s e d b y a x i a l e x p a n s i o n of f u e l a n d b y 
c h a n g e s i n s o d i u m d e n s i t y . 

2 . P o s i t i v e b o w i n g f r o m t h e s t a i n l e s s s t e e l r e f l e c t o r w a s 
p r e s e n t i n c o r e s i n R u n s 2 6 B t h r o u g h 2 9 A . 
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3. At low powers (<12.5 MWt) and with a stainless steel 
reflector, there was no thermal bowing. Under those conditions, the basic 
dynamic model using only computed negative tempera ture coefficients gave 
excellent resul ts with rod-drop data. 

4. If a ±5% uncertainty in the reactivity worth of the stainless 
steel drop rod is assumed, the following variations could be made in the 
system pa ramete r s without exceeding the uncertainties of the experimental 
data: 

a. ±18.6% variation in the sodium-temperature coefficient; 

b. ±15.4% variation in the fuel- temperature coefficient; 

c. ±9.8% variation in the primary-coolant flow; 

d. ±8.3% variation in the reactor power. 

5. The reactivity feedbacks in the radial blanket can be 
assumed to be zero and still not affect the comparison of theoretical versus 
experimental rod-drop data. 

6. There a re definitely reactivity feedbacks from changes in 
sodium-coolant tempera ture and from the effects of fuel expansion in the 
rod-drop data; zeroing out these effects would cause the model to deviate 
markedly from the experimental measurements . 

7. The dynamic-simulation model can be used in analyzing the 
transient response of EBR-II irradiation cores . 

c. Analysis of Subassembly Bowing (D. Mohr and L. K. Chang) 

The specific differential equation for unrestrained thermal 
deflection in BOW-V has been identical to the equation used in all previous 
ANL bowing programs . This equation can be written as 

(jZy _ - M T ( Z ) _ CaAT(z) 

where 

y = mater ia l displacement of subassembly; 

z = axial location along subassembly centerline; 

M'];'(z) = thermal moment; 

Ig = moment of inertia; 

e = Young's modulus; 
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C = a c o n s t a n t d e p e n d e n t on t e m p e r a t u r e d i s t r i b u t i o n a long the 
p e r i p h e r y of the h e x a g o n a l can ; 

a = l i n e a r coef f ic ien t of t h e r m a l e x p a n s i o n ; 

A T ( Z ) = t e m p e r a t u r e d i f f e r ence a c r o s s f la ts of h e x a g o n a l can a s 
function of z; 

D = equ iva len t ou t s ide d i a m e t e r of the h e x a g o n a l can . 

The va lue of C is s ign i f i can t in BOW-V a n a l y s i s . Up to the 
p r e s e n t t i m e , C h a s b e e n a s s u m e d equa l to un i ty , wh ich i s t r u e for the 
c a s e of a so l id r e c t a n g u l a r b a r in wh ich the t e m p e r a t u r e d i s t r i b u t i o n 
v a r i e s l i n e a r l y f r o m s ide to s i d e . U s e of un i ty for C, h o w e v e r , w a s 
q u e s t i o n e d b e c a u s e : 

1. h e x a g o n a l - c a n g e o m e t r y i s p o o r l y a p p r o x i m a t e d by a 
r e c t a n g u l a r c r o s s s ec t ion , 

2. de t a i l ed t e m p e r a t u r e c a l c u l a t i o n s for E B R - I I s u b a s s e m b l i e s 
show tha t t e m p e r a t u r e d i s t r i b u t i o n , in g e n e r a l , i s no t l i n e a r , and 

3. the hexagona l can , wh ich is a s s u m e d to c o n t r i b u t e over 95% 
of the t o t a l s u b a s s e m b l y r ig id i ty , is hol low. 

A n a l y s i s of M'j'(z) and I^ for a hol low h e x a g o n a l can wi th 
a r b i t r a r y t e m p e r a t u r e d i s t r i b u t i o n along the p e r i p h e r y * showed: 

1. the m a x i m u m v a r i a t i o n in C is about 0.6 to 1.25 due to 
t e m p e r a t u r e d i s t r i b u t i o n ; 

2. the a c t u a l t e m p e r a t u r e d i s t r i b u t i o n s in E B R - I I s u g g e s t 
a C of 0.65 to 0.70 for m o s t s u b a s s e m b l i e s ; 

3. h e x a g o n a l - c a n g e o m e t r y is w e l l a p p r o x i m a t e d by c y l i n d r i c a l 
g e o m e t r y , i . e . , C is e s s e n t i a l l y independen t of the g e o m e t r y c h o s e n for th is 
eva lua t ion . 

The r e s u l t s of BOW-V c a l c u l a t i o n s of c o r e c o m p r e s s i o n and 
bowing r e a c t i v i t y v e r s u s p o w e r , us ing C = 0.70, w e r e m u c h c l o s e r to 
e x p e r i m e n t a l v a l u e s than when C = 1.0. F o r Run 25 ( s t a i n l e s s s t e e l 
r e f l e c t o r ) , for i n s t a n c e , t he c a l c u l a t e d r e a c t i v i t y v a l u e s wi th C = 0.7 are 
about 10% higher than the m e a s u r e d v a l u e s , w h e r e a s the c a l c u l a t e d va lues 
with C = 1.0 a r e at l e a s t 70% h i g h e r than the m e a s u r e d v a l u e s . 

This analysis assumed in all cases that the temperature distribution across a hexagonal can was 
symmetrical about the major axis of symmetry. 
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d. Work with MELT Codes (G. H. Golden and R. H. Shum) 

The MELT-I code* was used to determine the effects of various 
ramp rates of reactivity insertion ranging from 10/ /sec to 50$/sec on a wet-
cri t ical EBR-II configuration. The reactor was assumed to be at 0.01% of 
full 62.5-MWt power and at 2% of full flow. Positive reactivity effects were 
due to the unbonded ramp input and the resulting collapse of fuel. The only 
negative effect was a constant fuel-expansion value of -3.9 x 10"^ Ak/k per 
°K. The results of the calculations are summarized in Table l.D. 17. 

TABtE I.D.17. Summary o( MELT-I Results for EBR-II Wet-critical Condguralion at O.OW Power and 211 Flow 

''in 
Itliec) 

0.10 
O50 
LOO 
5.00 

10.00 
10.00* 
20.CC 
50.00 

Time after Start 
of Transient (sec) 

-9.95a 
2.27S 
1.23* 
0.310 
0.176 
0.176 
0.0967 
0.0411 

Average Power Density 
(W/cc of fuel) 

-2.0 X 104 
2.19 X 10* 
2.10 X Iff" 
1.28 X 105 
1.63 X 105 
1.63 X 105 
2.26 X 105 
4.32 X IV 

Total Energy 
Release (MW-sec) 

-220 
235 
248 
240 
234 
234 
230 
218 

Net k 

H) 

-80 
80.0 
780 
96.5 
973 
973 
98.1 
990 

Collapse k 
(ill 

- T O ' 
6 8 1 ' 
62.9I' 
49.9 
29.3 
29.3 
13.0 
2.41 

Collapse k 
l</sec) 

- 1 0 " 
23.7U 
20.5I1 
757 
7.29 
5.97 
4.82 
1.95 

Total k*̂  
(t/sec) 

- lO" " 
24.2'' 
21.5'' 
12.6 
173 
16.0 
24.8 
52.0 

*Time to reach peak average (uel temperature (2630°KI. 
''Model for collapse k becoming questionable. 
'Tolak k • kjn • l<coliapse-

" i n slumping equation, (O^H/dt^) * J(dH/dtl • -g ; f • 0.3. 

For the following reasons, these results should be considered 
only as qualitative: 

1. The temperature throughout the core as a function of time 
is not well-character ized because of the projection scheme for heat t ransfer 
used by the code and also because the heat content versus temperature for 
the U-5 wt % Fs fuel was approximated. • 

2. Characterization of incipient slumping was difficult because 
of item 1 above, and because of a lack of understanding of the actual physical 
processes involved. 

3. The fuel-expansion effect was assumed constant, i.e., 
independent of the physical state of the fuel. 

4 . A p e r t u r b a t i o n m o d e l was u s e d to e s t i m a t e c o l l a p s e f eed­
back , which b e c a m e i n c r e a s i n g l y i n a c c u r a t e wi th the l o w e r r a m p i n s e r t i o n 
r a t e s . 

Work is u n d e r w a y to i m p r o v e t h e s e r e s u l t s both by us ing a n e w e r v e r s i o n 
of the M E L T code and by re f in ing the input da t a . 

*WaItar, A. E., MELT-I, A Simplified Meltdown Code for Fast Reactor Safety Analysis, BNWL-944 
(Dec 1968). 

http://20.CC
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e. Thermal-Hydraulics of a Predominantly Oxide Core for EBR-II 
(G. H. Golden) 

To investigate potential safety problems associated with the 
increasing number of experimental oxide subassemblies being placed in 
EBR-II, a predominantly oxide core was specified as one limiting point of 
reference. The thermal-hydraulic behavior of such a core, described in the 
Progress Report for November 1968, ANL-7518, pp. 39-40, has been com­
puted using the SNAFU modification* of the EVALUATE code. Key input for 
these calculations is summarized in Table l.D. 18. 

T A B L E l .D .18 . Input for T h e r m a l - H y d r a u l i c s C a l c u l a t i o n s of 
Oxide C o r e for E B R - I I 

R e a c t o r P o w e r 
Sodium Inlet T e m p e r a t u r e 
A v e r a g e AT in C o r e 
F u e l - t r a n s i t i o n T e m p e r a t u r e s 
Conduc tance of F u e l - c l a d d i n g Gap 
Ho t - spo t F a c t o r s 

Bypas s Flow 

62.5 MWt 
700°F 
190°F 
165C°C; 2150°C 
1000 B t u / h r - f t ^ - ° F 

^ c o o l a n t = ' - ' 5 
F f i l m = 1 " 
F c l a d = 1 1 5 
0.5% 

r g a p - ' • ^ " 
Ffuel = 1-20 

Power distributions were obtained via one-dimensional diffusion 
theory using the ANL-23806 cross-sect ion set. Safety subassemblies were 
fully inserted, and control subassemblies were 85% inserted. Calculations 
were done initially for a uniformly enriched core and subsequently with a 
ratio of enrichment in Rows 5 and 6 equal to that in Rows 1-4 so that a 
minimum core radial maximum-to-average power distribution was achieved. 
Results of the thermal-hydraulics calculations are summarized in 
Table l.D. 19. The minimum fuel temperature occurs at an enrichment 
ratio of 1.3/1; at this enrichment, the peak fuel ternperature at 10% over­
power is less than the peak fuel temperature at normal power for the 
"unflattened" core. 

T A B L E l .D .19 . T h e r m a l - H y d r a u l i c C h a r a c t e r i s t i c s of Oxide C o r e 
S u b a s s e m b l i e s in E B R - I I ( t e m p e r a t u r e s i nc lude h o t - s p o t f a c t o r s ) 

U r a n i u m -
e n r i c h m e n t 

Rat io 

0 .557 /0 .557 = l . o / l 
0 .637 /0 .490 = 1.3/1 
O.660/0.47I = 1.4/1 
O.68I/O.454 = 1.5/1 
0 .637 /0 .490 = 1 . 3 / 1 ^ 

Rad ia l 

1"̂  m a x / avg 

1.259 
1.121 
1.136 
1.157 
1.121 

Pealc 
L i n e a r 
P o w e r 
{kw/lt) 

14.7 
13.1 
13.3 
13.5 
14.4 

A v e r a g e Coolan t 
Ve loc i ty in Pea l t 

S u b a s s e m b l y 
( f t / s ec ) 

23.4 
20.3 
20.6 
21.1 
20.3 

P e a k 
Coolan t 

T e m p e r a ­
t u r e (°F) 

1012 
1004 
1005 
1007 
1034 

P e a k 
Cladding 

T e m p e r a ­
t u r e (°F) 

1086 
1084 
1084 
1084 
1122 

P e a k F u e l 
T e m p e r a ­
t u r e (°F) 

5222 
4854 
4891 
4944 
5159 

10% o v e r p o w e r cond i t ions . 

See Sect. I.D.S.g for more details of the modification. 
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T e m p e r a t u r e D i s t r i b u t i o n in a M e c h a n i c a l l y Mixed Oxide F u e l 
(R. K. Lo) 

A t r a n s i e n t - h e a t - t r a n s f e r c o m p u t e r code ( T H T B ) was used to 
p r e d i c t the t e m p e r a t u r e d i s t r i b u t i o n in h e t e r o g e n e o u s UO2-PUO2 fuel for the 
c a s e of a p o w e r i n c r e a s e following the p o s t u l a t e d unplanned i n s e r t i o n of a 
c o n t r o l r od in an E B R - I I c o r e o p e r a t i n g at 62.5 MWt. The r e a c t o r was 
a s s u m e d to be t r i p p e d on a s o d i u m exi t t e m p e r a t u r e of ~990°F, and the 
t i m e d e l a y in i n s t r u m e n t r e s p o n s e was a s s u m e d to be 10.0 s e c . The fuel 
rod c o n s i d e r e d w a s 0.25 in . in d i a m e t e r , the c ladding w a s 0.015 in . th ick , 
the PUO2 p a r t i c l e s w e r e 20 (Li in s i z e , and the UO2 p a r t i c l e s 500 fi. The 
con tac t c o n d u c t a n c e b e t w e e n the P u O j and the UO2 p a r t i c l e s was t aken a s 
4000 B t u / h r - f t - ° F , and tha t be tween the UO2 p a r t i c l e s and the c ladding as 
1500 B t u / h r - f t - ° F . The h e a t - t r a n s f e r coeff ic ient be tween flowing s o d i u m 
and the c ladd ing was a s s u m e d to be 1400 B t u / h r - f t - ° F , and the l i n e a r hea t 
g e n e r a t i o n 16 kW/f t . 

By a s s u m i n g that the fuel was 
loca ted at Row 4 and tha t a l l the u r a n i u m 
was ^^^U, t he r e l a t i v e p o w e r d e n s i t y in 
the p lu ton ium was c a l c u l a t e d to be 79.9%, 
and tha t in the u r a n i u m to be 20 .1%. (The 
v o l u m e t r i c hea t g e n e r a t i o n of PUO2 p a r ­
t i c l e s was 5.803 x 10^ B t u / h r - f t ^ and tha t 
of UO2 p a r t i c l e s was 1.461 x 10^ B t u / h r -
ft^.) By us ing as input the p o w e r t r a c e 
shown in F i g . l .D .5 , compu ted wi th the 
AIROS II -A code , and p h y s i c a l da ta out ­
l ined above , the t e m p e r a t u r e d i s t r i b u t i o n 
in the PUO2 and UO2 p a r t i c l e s was ob ta ined . 
The ca l cu l a t ed v o l u m e - w e i g h t e d a v e r a g e 
t e m p e r a t u r e s a r e shown in F i g . l .D .6 . 
F o r th i s c a s e , the v o l u m e - w e i g h t e d t e m ­
p e r a t u r e of PUO2 is a l m o s t exac t ly the 
s a m e as that of the UOj. 

g. T h e r m a l - H y d r a u l i c s Code for 
E B R - I I (J . L Gi l l e t t e ) 

The t h e r m a l - h y d r a u l i c s code 
E V A L U A T E has been r e w r i t t e n for a p p l i ­
ca t ion to E B R - I I and is now ca l l ed SNAFU. 
The code modi f i ca t ions inc lude changes in 
input and in the b a s i c c h a r a c t e r i z a t i o n of 
the r e a c t o r . In the f i r s t c a t e g o r y a r e 
changes which: al low the t h e r m a l p o w e r 
( ins tead of the e l e c t r i c p o w e r ) and the 
t h e r m a l eff iciency of the r e a c t o r to be 

Fig. l.D.5. Power Increase Following 
a Postulated Insertion of 
a Control Rod in an 
EBR-II Cote Operating 
at 62.5 MWt 
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u s e d as input ; a l low the p h y s i c a l d i m e n ­
s ions of the s u b a s s e m b l i e s to b e r e a d in; 
and a l low the a r e a of t he r e a c t o r to be 
c a l c u l a t e d i n s t e a d of a t t e m p t i n g to c h a r ­
a c t e r i z e E B R - I I as a c y l i n d e r . A new 
f e a t u r e of the code is tha t it now i n c l u d e s 
a m o d e l for the r e s t r u c t u r i n g of oxide fuel 
as r e c e n t l y p r o p o s e d a t ANL (see P r o g r e s s 
R e p o r t for June 1969, A N L - 7 5 8 1 , pp . 1-2). 

The c h a r a c t e r i z a t i o n of the r e a c t o r 
h a s been changed by dividing the p o w e r 
be tween the d r i v e r s u b a s s e m b l i e s and the 
c o n t r o l and sa fe ty s u b a s s e m b l i e s . The 
des ign of the c o n t r o l and sa fe ty s u b a s s e m ­
b l i e s nnakes th i s d iv i s ion of power n e c e s ­
s a r y for a c c u r a t e d e s c r i p t i o n of E B R - I I . 
The d iv i s ion of p o w e r r e q u i r e s a r e n o r m a l -

iza t ion of the power d i s t r i b u t i o n . This is done by us ing the a v e r a g e f i s s ion 
dens i ty in a reg ion and the r eg ion vo lume to r e a p p o r t i o n the p o w e r acco rd ing 
to the r a t i o of the m a s s of fuel in d r i v e r s u b a s s e m b l i e s to tha t of fuel in the 
c o n t r o l and safety s u b a s s e m b l i e s in any p a r t i c u l a r row. (This n o r m a l i z a t i o n 
p r o c e d u r e a s s u m e s that the d r i v e r s u b a s s e m b l i e s and the c o n t r o l and safety 
s u b a s s e m b l i e s contain the s a m e kind of fuel a t the s a m e dens i t y , but i s r ead i ly 
modif ied when dif ferent types of fuel a r e e n c o u n t e r e d . ) After the p o w e r 
r e a p p o r t i o n m e n t has been comple t ed , the d e t e r m i n a t i o n of the r e q u i r e d power 
r a t i o s - - ( P r o w i / P c o r e ) ^^^ ( P m a x row i / P r o w i ) " " can be found in the u s u a l 
m a n n e r . The advantage of th is method of a n a l y s i s i s t ha t it a l lows for a c ­
c u r a t e d e t e r m i n a t i o n of the t h e r m a l - h y d r a u l i c p r o p e r t i e s of bo th d r i v e r and 
c o n t r o l and safety s u b a s s e m b l i e s , w h e r e a s the o r i g i n a l code s i m p l y s m e a r e d 
the power over the co re conta ining a l l k inds of s u b a s s e m b l i e s . 

Fig. l.D.6. Calculated Transient Average 
Temperature for Power Licrease 
Following a Postulated Insertion 
of a Control Rod in an EBR-II 
Core Operating at 62.5 MWt 

h. P o s t i r r a d i a t i o n Eva lua t ion of Si l icon C a r b i d e T e m p e r a t u r e 
Moni to r s in D r i v e r S u b a s s e m b l i e s C-2211S and C-2214S 
(V. G. E s c h e n ) 

P o s t i r r a d i a t i o n eva lua t ion of s i l i con c a r b i d e (SiC) t e m p e r a t u r e 
m o n i t o r s r e m o v e d f rom v a r i o u s pos i t ions in d r i v e r s u b a s s e m b l i e s C-2211S 
and C-2214S was comple t ed . The i r r a d i a t i o n t e m p e r a t u r e s " s e e n " by the 
SiC capsu l e s w e r e ca l cu l a t ed . The ca l cu l a t i ons w e r e b a s e d on c o m p a r i s o n 
of p r e i r r a d i a t i o n length with the changes in p o s t i r r a d i a t i o n l eng th tha t 
r e s u l t e d f rom heat t r e a t i n g the s a m p l e s at t e m p e r a t u r e s above the i r r a d i a t i o n 
t e m p e r a t u r e s . The r e s u l t s of the ca l cu l a t i ons a r e p r e s e n t e d in T a b l e l .D.20. 

The t e m p e r a t u r e s l i s t ed in the t ab le a p p e a r to be h i g h e r than 
t hose obtained f rom o ther types of s e n s o r s u s e d in the s a m e s u b a s s e m b l i e s , 
which w e r e known to be r e a s o n a b l y a c c u r a t e . T h e r e f o r e , i m p r o v e m e n t in 
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the S i c t e c h n i q u e is c o n s i d e r e d p o s s i b l e and d e s i r a b l e . One way to i m p r o v e 
the t e chn ique a p p e a r s to be to i n c r e a s e the length of the SiC m o n i t o r s to 
1 in . f r o m the c u r r e n t l y u s e d l / 2 in. Th i s should p r o p o r t i o n a t e l y i n c r e a s e 
the m a g n i t u d e of the change in length tha t i s induced by i r r a d i a t i o n . T h e r e ­
f o r e , m e a s u r a b l e length changes could be obta ined a t h e a t - t r e a t i n g t e m p e r a ­
t u r e i n t e r v a l s t ha t a r e s m a l l e r , t hus p rov id ing m o r e da ta po in t s for r e l a t i n g 
length c h a n g e s as a function of h e a t - t r e a t i n g t e m p e r a t u r e s . This should 
i m p r o v e the a c c u r a c y of the t e m p e r a t u r e - m e a s u r i n g s y s t e m . P r e s e n t p l a n s 
inc lude eva lua t i on of t e m p e r a t u r e m o n i t o r s of g r e a t e r l ength . 

TABLE l.D.20. Post irradiat ion Experimental Results for 
Silicon Carbide Temperature Monitors from Driver 

Subassemblies C-2211S and C-2214S 

Subassembly 
Number and 

Location of Capsule 
in Subassembly 

C-2211S 
Center of Upper 
Shield Section 

C-2211S 
Bottom of Upper 
Shield Section 

C-2211S 
Top of Lower 
Shield Section 

C-2211S 
Bottom of Lower 
Shield Section 

C-2214S 
Middle of Upper 
Shield Section 

C-2214S 
Bottom of Upper 
Shield Section 

C-2214S 
Top of Lower 
Shield Section 

C-2211S 
Top of Upper 
Shield Section 

C-2211S 
Top of Upper 
Shield Section 

Capsule 
Identification 

20-1-A 
20-1-B 

20-2-A 
20-2-Ba 

20-3-A 
20-3-B 

20-4-A 
20-4-B * 

20-5-A 
20-5-B 

20-6-A 
20-6-B 

20-7-A 
20-7-B 

21-11-A 
21-11-B 

21-12-A 
21-12-B 

Irradiation 
Temperature 
Indicated by 
Monitor (°F) 

1000 
1000 

1015 
-

725 
720 

725 
710 

1050 
1065 

1055 
1065 

760 
750 

905 
905 

960 
965 

Specimen was found to be broken when removed from the 
capsule. 
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9. Driver Fuel Development (C. M. Walter) 

a. High Burnup Encapsulated Irradiat ions (W. N. Beck) 

Last Reported: ANL-7618, pp. 56-57 (Sept 1969). 

(i) Post irradiat ion Examination of Encapsulated Mark-IA 
Element BF08. Mark-IA Element BF08, which had been i r radiated at a 
maximum cladding temperature of 478°C and to a calculated burnup of 
2,6 at. %, is being given a detailed metallographic examination. The ele­
ment was recovered in excellent condition. The maximum measured change 
in the element diameter ( A D / D ) was 1.2%, of which 0.5% is calculated to be 
due to swelling of the cladding. The fuel, a high-swelling alloy containing 
78 ppm of silicon, had swollen to make intimate contact with the ID of the 
cladding; the extreme ends, however, were separated from the cladding by 
an annulus of 0.002 in. The fuel column had elongated 2.7%, but was still 
0.062 in. shorter than the maximum length allowed in the element design. 
The amount of fission gas released to the plenum of the element was deter­
mined to be 0.54% of theoretical. 

An attempt is being made to determine the plenum p r e s ­
sures in three high-burnup Mark-IA elements (including Element BF08) 
at their respective operating tempera tures . An apparatus has been built 
and installed in the metallurgy Alpha-Gamma Hot Cell to permi t p r e s ­
surizing the element plenum while at temperature . The length of the fuel 
element first is measured as a function of temperature . Next, the plenum 
of the element is punctured, letting the plenum gas escape. Then gas from 
an outside source is forced into the element to bring its length back to that 
of the intact element. The first test was conducted with Element BF08. 
The results were not conclusive because the cladding of the element 
experienced an unexpected localized break while the element was at 450°C 
and the p ressure in its plenum was 3000 psi. Tube-burst tes ts previously 
performed on irradiated element tubing indicated that, at 450°C, failure 
should be expected at p ressures near 7500 to 8000 psi. Figure l.D.7 shows 
the break, which is 0.080 in. long and which produced an elevation of 
0.015 in. in the cladding. Transverse metallographic sections were made 
through the area of the fracture. Etched surfaces of the cladding in the 
immediate area of the failure exhibit intergranular separation. The failed 
section will be examined by an electron microprobe for evidence of ele­
mental carbon in the grain boundaries. 

Figure l.D.8 shows the t ransverse section through the 
middle of the break. The fuel did not expand and follow the contour of the 
deformed cladding; instead, it appears to have been compressed. The diam­
eter of the cladding on each side of the break did not change as a result of 
the applied pressure ; however, a continuous narrow channel now inter­
connects the area of the failure and the plenum. An expulsion of sodium 



a c c o i n p a n i e d the b r e a k , s ignifying tha t the bond s o d i u m which a c c u m u l a t e d 
in the p l e n u m r eg ion c r e a t e d the h y d r o s t a t i c p r e s s u r e that was app l ied to 
the weak s e c t i o n of the c l add ing . 

3.3X 

Fig. I.D.7. Localized Cladding Breal< in Element BF08 (2.6-at. ô Burnup) Wliich Occurred 
during Postirradiation Pressure Tests at 3000 psi and 450*-'C 
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17X 

Fig. l.D.8. Transverse Section through Middle of Break 
in Element BF08 Which Occurred during 
Postirradiation Pressure Tests at 3000 psi 
and 450°C 

T w o a d d i t i o n a l e l e ­

m e n t s ( B F 0 2 a n d B F 0 3 ) , w h i c h 

h a v e r e a c h e d a c a l c u l a t e d m a x i ­

m u m b u r n u p of 3 .7 a t . %, a r e 

s c h e d u l e d t o b e p r e s s u r e t e s t e d . 

( i i ) P o s t i r r a d i a t i o n 

E x a m i n a t i o n of M a r k - I I E l e m e n t s . 

I r r a d i a t e d e n c a p s u l a t e d M a r k - I I 

E l e m e n t 2 0 7 h a s b e e n s e c t i o n e d 

a n d i s b e i n g e x a m i n e d . T h e e l e ­

m e n t h a d b e e n i r r a d i a t e d a t a 

m a x i m u m c l a d d i n g t e m p e r a t u r e 

of 5 3 1 ° C a n d t o a c a l c u l a t e d 

b u r n u p of 3 .5 a t . %. T h e f u e l i s 

m a k i n g i n t i m a t e c o n t a c t w i t h t h e 

I D of t h e c l a d d i n g o v e r i t s e n t i r e 

l e n g t h . T h e c r i m p - t y p e r e s t r a i n e r 

h a d b e e n i n i t i a l l y s e t a t 0 . 2 0 i n . 

a b o v e t h e f u e l c o l u m n . N e u t r o n 

r a d i o g r a p h s w h i c h h a d b e e n 

t a k e n a t 2 - a t . % b u r n u p s h o w e d 

t h e f u e l t o u c h i n g t h e b o t t o m e d g e 

of t h e c r i m p s . T h e f u e l i s n o w 

e v e n w i t h t h e t o p e d g e of t h e c r i m p 

c a l c u l a t e d t o b e 3 8 % . T h e f i s s i o n a n d i s d o m e d . F u e l v o l u m e e x p a n s i o n i s 
g a s r e l e a s e d t o t h e p l e n u m w a s r e c o v e r e d a n d w a s d e t e r m i n e d t o b e 4 9 % of 
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theoretical. Void formation and bubble distribution are very s imilar to 
those observed in elements examined at lower burnups. There is no 
evidence of diffusion zones or of interaction between the fuel and the 
cladding. 

b. Fuel and Cladding Surveillance 

Last Reported: ANL-7632, pp. 65-71 (Oct 1969). 

(i) Surveillance of Extended-burnup Driver Fuel (J. P . Bacca, 
A. K. Chakraborty, and G. C. McClellan) 

Figure l.D.9 is the most recent revision of the curve 
relating irradiation swelling of driver fuel to burnup. This figure is based 
on all data obtained from examinations of fuel produced in both the hot line 
and cold line of the Fuel Cycle Facility. 

BURNUP, Ot */. 

Fig. l.D.9. Volume Swelling of MarI<-IA Driver Fuel as a Function of Burnup 

F i g u r e l .D. 10 s u m m a r i z e s the changes in the d i a m e t e r of 
d r i v e r fuel as m e a s u r e d for 36 h i g h - b u r n u p e l e m e n t s . E l e m e n t s exhibi t ing 
m o r e than and l e s s than 14% v o l u m e t r i c fuel swel l ing a r e ident i f ied in the 
f igure . All but 4 of the 36 data points l ie within the 95% conf idence band of 
the swel l ing expected f rom f a s t - n e u t r o n i r r a d i a t i o n of the s t a i n l e s s s t e e l 
c ladding* of the fuel e l e m e n t s . T h e r e f o r e , no r e a l p l a s t i c s t r a i n of the 
c ladding can be d i s c e r n e d at the bu rnup l eve l s c o n s i d e r e d to d a t e . 

The in fo rmat ion shown was u s e d in an ANL p r o p o s a l to 
RDT for i n c r e a s i n g the m a x i m u m b u r n u p l imi t of E B R - I I d r i v e r fuel f rom 
the p r e s e n t 1.5 to 1.8 at . %. T h e s e l i m i t s a r e i n d i c a t e d on F i g . l .D .9 . 

*Claudson. T. T.. PNL. private communication. 



71 

,»•" _ < 

0.0012 

OOOIO 

c 

<j aoooB 

£ 
L 
< 0.0006 

< 0.0004 

0.0002 

0.0000 

*•* 
o 

A 

1 

O 
A 

• ~ 

. -

"^ 

1 

1 
< I 4 % FUEL 
> I 4 % . FUEL 

1 1 
SWELLING 
SWELLING 

ESTIMATED STAINLESS STEEL SWELLING 

' 1 ' _ 

— ESTIMATED 951t CONFIDENCE LIMITS FOR STAINLESS STEEL SWELLING 

A A 

G 

O, 

1 A 
I 

A 

-•*•*' — • • • ' * ' A 
- • • " A 

A A 
A 

* 0 

1 , 
1 1 

— ^'*'*' 

*' A _ 

- * o o : 
H 

A ~ 

-

1 1 1 
1 1 1 

BURNUP, ot, % 

Fig. l.D.10. Diameter Change of Marl<-IA Driver-fuel Element as a Function of Burnup 

(ii) I n - p i l e C r e e p S tudies (C. M. W a l t e r and M. A. P u g a c z ) 

U n c e r t a i n t y as to the p r o p e r c r e e p equat ion for BEMOD 
c a l c u l a t i o n s h a s led to the d e v e l o p m e n t of a p r o g r a m to obtain m i s s i n g 
i n f o r m a t i o n in th i s a r e a . T h e r e is an a l m o s t u n i v e r s a l i n t e r e s t in i n - p i l e 
c r e e p da ta for s t a i n l e s s s t e e l for u s e in c o r e des ign and for p r e d i c t i n g the 
c a p a b i l i t y of fuel e l e m e n t s th roughou t the L M F B R c o m m u n i t y . 

The i n i t i a l e x p e r i m e n t of the p r o g r a m c o n s i s t s of i r r a d i a t i n g 
a M a r k - B 3 7 s u b a s s e m b l y (X065) conta in ing 18 p r e s s u r i z e d annea l ed 
Type 304L s t a i n l e s s s t e e l t ubes exposed d i r e c t l y to the flowing p r i m a r y 
s o d i u m in E B R - I I . T h e s e t ubes a r e 0.290 in. in ou t s ide d i a m e t e r , have a 
2 0 - m i l wa l l , and a r e 60 in. long. They have b e e n c h a r g e d wi th h e l i u m in 
g r o u p s of t h r e e to give hoop s t r e s s e s of 10,000, 15,000, 20,000, 25,000, 
30 ,000, and 35,000 p s i at the 700°F s o d i u m inlet t e m p e r a t u r e , and a r e 
be ing i r r a d i a t e d in a 7N5 pos i t i on . The r e m a i n i n g 19 p o s i t i o n s in the 
s u b a s s e m b l y con ta in d u m m y t u b e s , r o d s , t e m p e r a t u r e m o n i t o r s , and flux 
m o n i t o r s . 

T a b l e l .D.21 p r e s e n t s the r e s u l t s of the f i r s t r e a c t o r run 
(1200 MWd) of the e x p e r i m e n t . The A D / D va lue s (% change in d i a m e t e r ) 
a r e g r e a t e r at the tops of the tubes than a t the b o t t o m s . Th i s i s a r e s u l t 
of h i g h e r t e m p e r a t u r e s at the t o p s , wh ich a r e m a i n l y due to r a d i a l conduct ion 
of hea t in to the s u b a s s e m b l y f rom ad j acen t s u b a s s e m b l i e s . The A D / D v a l u e s 
a t the b o t t o m s (which a r e at 700°F) a r e qui te c o n s i s t e n t wi th the va lues for 
p r i m a r y t h e r m a l c r e e p found in o u t - o f - p i l e t h e r m a l c o n t r o l s ( s ee T a b l e l .D .22) . 
A t y p i c a l d i a m e t e r p r o f i l e , shown in F i g . l .D. 11, g ives no ind ica t ion of 
enhanced c r e e p in the h igh- f lux r eg ion wi thin the da ta s c a t t e r . (The b o t t o m 
of the r e a c t o r c o r e is 23 in. above the tube b o t t o m s . ) The f igu re p lo t s a v e r ­
age v a l u e s of d i a m e t e r m e a s u r e m e n t s a t 0° and 90° o r i e n t a t i o n s for the 
r,i-p- and D o s t i r r a d i a t i o n cond i t i ons . 
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TABLE l.D.21. Results from First Reactor Cycle of In-pile Creep Experiment 

Ini t ia l 
Hoop S t r e s s 

(psi) 

Dummy 
D o s i m e t e r 

10,000 
10,000 
10,000 
15,000 
15,000 
15,000 
20,000 
20,000 
20,000 
25,000 
25,000 
25,000 
30,000 
30,000 
30,000 
35,000 
35,000 
35,000 

Capsule 
Number 

P - I 9 
P-32 
P - 3 9 
P - 4 9 
P - 3 4 
P - 4 0 
P - 4 3 
P - 3 5 
P - 4 1 
P - 4 2 
P - 3 0 
P - 4 4 
P - 5 7 
P-36 
P-37 
P - 2 9 
P - 3 8 
P - 4 5 
P - 4 8 

P e a k F luence (calc) 
>0.1 MeV 

( n / c m ' x 10-2') 

1.93 
2.13 
1.93 
1.87 
2.23 
1.56 
1.71 
2.13 
1.93 
1.71 
2.08 
1.96 
1.87 
2.44 
1.76 
1.56 
2.34 
2.19 
1.93 

P e a k F lux (calc) 
>0.1 MeV 

( n / c m ^ - s e c x 10"'^) 

0.93 
1.02 
0.93 
0.90 
1.07 
0.75 
0.83 
1.02 
0.93 
0.83 
1.00 
0.95 
0.90 
1.17 
0.85 
0.75 
1.12 
1.05 
0.93 

AD/D 

Bot tom 

0.07 
0.07 
0.09 
0.13 
0.12 
0.09 
0.06 
0.15 
0.12 
0.13 
0.23 
0.43 
0.34 
0.66 
0.72 
0.83 
0.95 
1.14 
0.86 

(%) 
T o p 

0.06 
0.08 
0.09 
0.09 
0.12 
0.13 
0.13 
0.33 
0.34 
0.19 
0.60 
0.52 
0.45 
1.02 
0.90 
0.91 
1.22 
1.14 
1.52 

Time at power, 544 hr; total time in reactor, 1154 hr. 

TABLE l.D.22. Out-of-pile Biaxial 
Creep of Thermal Controls (725°F)^ 

Hoop Stress (psi) A D / D (%) 

15,000 

20,000 

25,000 

30,000 

35,000 

0.02 

0.07 

0.25 

0.65 

0.95 

^Creep test ran for 25 to 200 hr. The 
AD/D values appear to be independ­
ent of time. 
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Fig. l.D.11. Pre- and Postirradiation Diameter 
Profiles of In-pile Creep Capsule P-38. 
Initial hoop stress was 35.000 psi. 

The f i r s t a t t e m p t at m e a s u r i n g t e m p e r a t u r e s by u s e of 
m e l t w i r e s was u n s u c c e s s f u l . T e m p e r a t u r e - m o n i t o r i n g c a p s u l e s conta ining 
s i l i con c a r b i d e pe l l e t s and s o d i u m - e x p a n s i o n i n d i c a t o r s a r e being a s s e m b l e d 
for the e a r l i e s t p o s s i b l e i n s e r t i o n in to the s u b a s s e m b l y . The t e m p e r a t u r e 
n e a r the tube tops is not known. After th i s t e m p e r a t u r e has been d e t e r m i n e d , 
m o r e - t h o r o u g h ou t -o f -p i l e t e s t s with t h e t m a l c o n t r o l s wi l l be p e r f o r m e d . 

S u b a s s e m b l y X 0 6 5 has been i r r a d i a t e d for a s econd cyc le 
(600 MWd) in E B R - I I and is awai t ing i n s p e c t i o n . It i s hoped tha t s u c c e e d i n g 
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cycles (three to six a re planned) will show increasing A D / D values in the 
high-flux portion of the tubes. At EBR-II operating tempera tures , secondary 
the rmal creep in stainless steel should be near zero. 

Some important facts learned froin the first experiment 
(Creep 1) will aid in the design of the second experiment (Creep 2). There 
is only one well-defined temperature in EBR-II: the 700°F sodium inlet 
t empera tu re . It was hoped that Creep 1 would operate at 700°F, but radial 
conduction from adjacent subassemblies turned out to be a significant 
problem. Creep 2 will employ a subassembly design (double hexagonal can 
with an intermediate gas gap) that should effectively thermally insulate the 
test subassembly from adjacent subassemblies . Creep 2 will not use a s -
received annealed tubing; this tubing has been straightened and sized after 
annealing, producing small coldworked areas which cause nonuniform 
strain. Creep-1 tubes are wire wrapped. The wrap will be eliminated 
in Creep 2, thereby avoiding the possibility of the s t ress interaction 
between tubes that results from crowding of tube against tube during 
irradiat ion. Creep-1 tubes contain solid stainless steel filler rods, 
occupying 90% of the tube volume, to reduce the energy release in the 
event of a rupture . Unfortunately, if appreciable strain occurs during 
testing, the filler rod accentuates the s t ress reduction on the tube by a 
factor of 10. Creep 2 will eliminate or greatly reduce the size of this 
filler rod so that more constant s t r ess is attained during the irradiat ion 
tes t s . 

The tubes for Creep 2 will be obtained from PNL. They 
will be made of Type 316 stainless steel and will have an outside diameter 
of 0.230 in. and a wall thickness of 1 5 mi ls . The experiment will explore 
effects of flux, fluence, s t r e s s , cold work, grain size, and heat t rea tment 
on flux-controlled creep at 700°F. 

A future in-pile creep experiment will explore the effects 
of t empera ture , using a subassembly that preheats sodium in a gamma-
heating section. The hot p r imary sodium will flow by the pressur ized tubes 
in the testing chamber. 

10. Operation with Failed Fuel (R. R. Smith) 

Last Reported; ANL-7632, pp. 71-76 (Oct 1969). 

a. TREAT Simulations of EBR-II Fuel Fai lures 

(i) Flat-topped TREAT Transient with Par t ia l ly Bonded Mark-IA 
EBR-II Fuel Element EBR-MF-2 (R. M. F r y e r and 
and R. R. Smith) 

The second in a ser ies of experiments to investigate the 
effects of residual bond sodium on melting in a Mark-IA EBR-II fuel element 
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has been performed. A 6%-enriched fuel element (EBR-MF-2) was subjected 
to a flat-topped TREAT transient in flowing sodium in the Mark-I sodium 
loop. To simulate the loss of bond, the fuel element was loaded with a 
deficient quantity of bond sodium, then sealed and impact bonded. This 
procedure produced an element with a normal bond along the lower 4 in., 
a part ial bond along the center 4 in., and no bond over the upper 5 j in. 

The test specimen, enriched to 6 wt % in ^^U, was subjected 
for approximately 8 sec to a flat-topped TREAT transient, during which the 
average power density corresponded to an EBR-II power level of 100 MWt. 
The actual power profile is il lustrated in Fig. l.D.12. The inlet and outlet 
coolant sodium temperatures in the loop during the transient a re shown in 
Fig. l.D.13. 
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Fig. l.D.13. Sodium Temperatures in Mark-I Loop 
during TREAT Transient for Ele­
ment EBR-MR-2 

A neu t ron r a d i o g r a p h of the t e s t e l e m e n t in the loop showed 
tha t the r e s t r a i n e r - t o - f u e l s e p a r a t i o n had i n c r e a s e d f r o m 0.5 to 1.0 in . , 
thus c l e a r l y indica t ing fuel m e l t i n g . The fuel s p e c i m e n has b e e n r e m o v e d 
f r o m the loop and c leaned . E x t e n s i v e p o s t i r r a d i a t i o n e x a m i n a t i o n s wi l l be 
conducted . T h e s e wi l l inc lude j acke t p r o f i l o m e t r y , g a m m a s c a n s , t o t a l -
f i s s ion d e t e r m i n a t i o n s , and m e t a l l o g r a p h i c e x a m i n a t i o n s . 

(ii) P o s t i r r a d i a t i o n E x a m i n a t i o n of E l e m e n t E B R - M F - 1 
(D. L. Mi tche l l , R. V. S t r a in , and D. M. Cheney) 

E l e m e n t E B R - M F - 1 , a p a r t i a l l y bonded M a r k - I A d r i v e r -
fuel e l e m e n t , has been i r r a d i a t e d in the T R E A T r e a c t o r to d e t e r m i n e if 
fuel me l t i ng would occur u n d e r condi t ions tha t would s i m u l a t e e x t r e m e 
o v e r p o w e r condi t ions in E B R - I I for a s h o r t t i m e (-10 s e c ) Befo re i r r a ­
d ia t ion , the lower 4 ^ in. of the fuel pin in the e l e m e n t had been c o m p l e t e l y 
bonded, but the upper 9 in. had been only wet ted with s o d i u m th roughout 
half of the pin c i r c u m f e r e n c e . 

P o s t i r r a d i a t i o n e d d y - c u r r e n t bond t e s t i ng and n e u t r o n 
r a d i o g r a p h y showed that the fuel pin had not s l u m p e d dur ing the T R E A T 
t e s t . M e a s u r e m e n t s of the d i a m e t e r of the e l e m e n t did not r e v e a l any 
s t r a i n i n g of the j a c k e t . 
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The cladding was removed from the fuel pin. The lower half 
of the pin was found to be surrounded with sodium, except for two voids, and 
the upper half of the element had only 180° (circumferential) of sodium in 
the annulus. Measurements of the pin itself revealed no appreciable changes 
in diameter or length. 

Metallographic examination of samples from the pin 
revealed no evidence of fuel melting. The micros t ruc ture and the mic ro -
hardness values indicated that the upper portion of the pin had exceeded 
the gamma-phase transi t ion tempera ture (~650°C) and had been cooled 
from that transit ion tempera ture at a fairly rapid ra te . The samples from 
the lower (bonded) section of the fuel pin are typical of unirradiated, a s -
bonded fuel pins. 

These results indicate that the part ia l bonding near the 
top of the element provided relatively good heat t ransfer from the fuel pin 
during the TREAT test. 

b. Fuel-motion Transducer ( j . R. Karvinen, A. A. Madson, 
and J. W. Rizzie) 

The first calibration tests of the fuel-motion transducer in the 
argon cell of the Fuel Cycle Facility yielded unanticipated resul ts . Only 
5 mils of expansion were recorded with the quartz rod. The fuel pin 
selected (from Subassembly 2178) then was loaded, and again only a few 
mils of movement were recorded, A neutron radiograph showed that the 
pushrod for connecting the fuel with the sensing piston of the monitor was 
not touching the top of the fuel. The assembly was disassembled, and the 
pushrod was found to be binding on the fuel cladding. Accordingly, the 
relative motion between the cladding and the supporting jacket was being 
recorded. This measurement was obscured because only friction contact 
was being provided; therefore, no conclusions relative to motion between 
the fuel cladding and the fixture can be made. 

After the pushrod has been inserted correct ly, a calibration 
was made with the quartz rod. This time a separation of 146 mils over 
the tempera ture range from 100 to 1000°F was noted. With the fuel pin 
loaded, a negative expansion of 15 mils was recorded. This indicates that 
the fuel has a lower coefficient of expansion than the stainless steel jacket, 
and expands 131 mils over the same tempera ture range. 

Another effect was an i r revers ib le 15-mil expansion of the fuel 
in the final three heat cycles of 100 to 1 100°F. In the two previous cal ibra­
tion t es t s , the maximum temperature was limited to 908°F. After the third 
h igher - tempera ture cycle, the expansion curve returned each time to the 
same point as at the end of the third cycle. The fuel was removed from the 
fixture and was remeasured by a dial indicator provided in the fixture for 
prepar ing the fuel pins. This measurement indicated 23 mils of growth 
from the initial measurement made on the uncycled pin. 
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11. Physics Mock-up Studies 

Not previously reported. 

a. Planning for EBR-II Cr i t ica l -assembly Experiments 
(D. Meneghetti) 

Planning for EBR-II cr i t ica l -assembly experiments and scoping 
calculations relative to the experimental assemblies are under way. The 
cri t ical assemblies being considered are of both the heterogeneous-core 
and of the homogeneous-core types. They are : (1) a homogeneous EBR-II 
type core having a depleted-uranium-rich radial reflector; (2) ahomogeneous 
EBR-II type core having a nickel-r ich radial reflector; (3) a heterogeneous 
EBR-II type core having a nickel-r ich radial reflector; and (4) a two-zoned 
heterogeneous EBR-II core, with a nickel radial reflector, in which the 
central core region consists of mixed-oxide- and/or carbide-fueled 
drawers of dilution representing a large oxide or carbide system, and the 
outer core region consists of the current EBR-II dr iver composition. In 
a "heterogeneous" core, as defined here, the representat ive EBR-II sub­
assemblies are simulated with the drawers of the cri t ical assembly. 
"Homogeneous" refers to loading the cri t ical assembly with a smeared 
EBR-II core composition. 

Studies of the gross character is t ics of a nickel-reflected EBR-II 
system will be undertaken largely with the heterogeneous-core, nickel-
reflected mockup assembly. The homogeneous cores having depleted-
uranium or nickel reflectors will be used pr imari ly for correlat ing proton-
recoil spectra with dosimetry foil activities and for studies of axial-reflector 
variations. Experiments with the two-zoned assembly will enable the gen­
eration of data necessary for understanding the character is t ics of EBR-II 
having clusters of very dilute oxide or carbide fuels. 

b. Effects of Leakage Absorptions on the Values of Flux-weighted 
Cross Sections in Thin-slab-cell Calculations (D. Meneghetti 
and K. E. Phillips) 

Flux variations within ZPR cr i t ica l -assembly drawers a re 
usually obtained by slab-cell calculations. Since such calculations inherently 
do not account for the effects of overall leakage into or out of the cell, the 
use of a leakage absorption applied throughout the cell is frequently used. 

Cell flux-averaged cross sections derived both by use and by 
nonuse of leakage absorptions have been calculated for a se r ies of simple 
binary-cell situations. The results have been compared with corresponding 
averaged cross sections obtained by direct two-dimensional calculations. 
The latter use infinitely high layers of disk-shaped binary cel ls . The leakage 
from the systems were radial and thus in directions paral le l to the plane of 
the binary cells. 
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O n e - g r o u p , a p p l i e d - s o u r c e c a l c u l a t i o n s w e r e u s e d . The s i n g l e -
g r o u p c r o s s s e c t i o n s for t r a n s p o r t and r e m o v a l c o r r e s p o n d e d a p p r o x i m a t e l y 
to t h o s e of n e u t r o n s above 1.35 MeV. F o r the e x a m p l e s whose r e s u l t s a r e 
d e s c r i b e d be low, the " f i s s i l e " and "d i luen t " r e g i o n s w e r e 0.64 and 4 .48 c m 
th ick , r e s p e c t i v e l y . 

With t he app l i ed s o u r c e in the fuel , o n e - d i m e n s i o n a l c e l l c a l c u ­
l a t i ons of the flux gave s p a c e - a v e r a g e d r e m o v a l c r o s s s e c t i o n s of 0.0417 and 
0.0407 c m " wi th and wi thout l e a k a g e a b s o r p t i o n s , r e s p e c t i v e l y . The d i r e c t 
h e t e r o g e n e o u s t w o - d i m e n s i o n a l c a l c u l a t i o n gave a va lue of 0.0418 c m " ' . 

To a u g m e n t f u r t h e r the p a r a l l e l l e a k a g e , the c a l c u l a t i o n s w e r e 
r e p e a t e d wi th t h e "d i luen t " r eg ion r e d u c e d to o n e - e i g h t h of i t s o r i g i n a l d e n ­
s i ty . The r e m o v a l v a l u e s f r o m the o n e - d i m e n s i o n a l f ine - f lux d e t e r m i n a t i o n s 
then w e r e 0.0196 and 0.0183 c m " ' wi th and wi thout the u s e of l e a k a g e a b s o r p ­
t i o n s , r e s p e c t i v e l y . The d i r e c t t w o - d i m e n s i o n a l c a l c u l a t i o n gave a va lue of 

c. D e v e l o p m e n t of the M E L T - I I Code (R. H. Shum) 

The M E L T - I I code , a F O R T R A N - I V v e r s i o n of the m e t h o d w r i t t e n 
for UNIVAC 1108, has b e e n obta ined f r o m B a t t e l l e N o r t h w e s t L a b o r a t o r y and 
i s be ing mod i f i ed for the IBM 360 /75 c o m p u t e r . M E L T - I I is a coupled n e u ­
t r o n i c s and h e a t - t r a n s f e r code d e s i g n e d p r i m a r i l y for i n v e s t i g a t i n g f a s t -
r e a c t o r c o r e b e h a v i o r u n d e r m a j o r a c c i d e n t cond i t i ons . H o w e v e r , i n t e r ­
c o m p a r i s o n * of M E L T - I I wi th the F O R E - I I and NUTIGER codes i n d i c a t e s 
t h a t M E L T - I I can be use fu l for i n v e s t i g a t i n g a wide v a r i e t y of mi ld t r a n s i e n t s . 

M E L T - I I i s c a p a b l e of c a l c u l a t i n g t e m p e r a t u r e s in up to 10 r a ­
d i a l c h a n n e l s (fuel pin at 10 r a d i a l l o c a t i o n s ) , e a c h c o n s i s t i n g of up to 
20 a x i a l s e g m e n t s and 15 r a d i a l n o d e s (12 fuel nodes p lus the bond, c ladd ing , 
and coo lan t n o d e s ) . T h e r m a l conduc t iv i ty and spec i f i c hea t can be spec i f i ed 
a s a funct ion of t e m p e r a t u r e , and a l l p in m a t e r i a l s a r e a l lowed to u n d e r g o 
one p h a s e c h a n g e . In le t t e m p e r a t u r e of the coolan t p l e n u m can be spec i f i ed 
a s a funct ion of t i m e , and the flow r a t e wi th in e a c h channe l can be t i m e 
d e p e n d e n t . In i t i a l s t e a d y - s t a t e p o w e r f r o m f i s s i o n - p r o d u c t hea t ing can be 
spec i f i ed in add i t ion to the n e u t r o n i c p o w e r . 

An i m p l i c i t s c h e m e is u s e d to obta in fue l -p in t e m p e r a t u r e s , and 
a v a r i a b l e - t i m e - s t e p a l g o r i t h m i s u s e d to g o v e r n the n e u t r o n i c s c o m p u t a t i o n s . 
F e e d b a c k due t o a x i a l fuel e x p a n s i o n , a x i a l c ladding e x p a n s i o n , s o d i u m d e n ­
s i ty c h a n g e , fuel c o l l a p s e , D o p p l e r effect , and s o d i u m voiding can be a c c o m ­
m o d a t e d . S p a t i a l we igh t ing f a c t o r s can be u s e d for the D o p p l e r and s o d i u m -
feedback e f f e c t s . S c r a m cond i t ions can be i n i t i a t e d by a p o w e r , p e r i o d , o r 
s o d i u m - o u t l e t - t e m p e r a t u r e t r i p , and in a l l c a s e s , the a c t u a l s c r a m r e a c t i v i t y 
c h a n g e can be d e l a y e d beyond the t r i p se t t ing by a spec i f i ed t i m e . 

*Fast Flux Test Facility Periodic Technical Report, BNWL-941 (May 1969). 
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For accident conditions that do not lead to a prompt cr i t ical 
situation, a zero-lifetime approximation can be employed to minimize 
computer t ime. A mixed-mode option also has been developed to combine 
the calculational advantages of the "exact" point kinetics formulation with 
the zero-lifetime approach, 

E. EBR-II--Ope rations 

1. Reactor Plant (G. E. Deegan) 

Last Reported: ANL-7632, p. 77 (Oct 1969). 

The reactor remained shut down for an extended period of main­
tenance and for installation of the instrumented subassembly. Cooldown of 
all plant systems was completed on Oct. 21, and the steam system was 
drained and placed in dry layup. 

The test-1 instrumented subassembly was installed, and its operation 
and protective interlocks in fuel handling were functionally checked. Readout 
of the subassembly instrumentation also was checked with p r imary-sys tem 
flow and a bulk-sodium temperature of 580°F. Instrumentation leads then 
were successfully severed. All tests associated with the subassembly were 
satisfactory. Difficulty was experienced, however, in obtaining the full 
360° rotation of the small rotating plug of the reactor . By raising the tem­
perature of the primary-tank bulk sodium to 650°F, rotation was accomplished, 
and the test-1 instrumented subassembly was t ransferred to the storage 
basket. While the bulk sodium was being cooled to 580°F, tes t 1 was t rans­
ferred to the temporary coffin and the tes t -2 instrumented subassem-bly 
preheated. Test 2 is being installed in reactor position 5F3. 

The loading changes following Run 38B and before the reactor 
cooldown included the following: 

Structural experiment X065A was removed from the reactor and 
transferred to the Fuel Cycle Facility because of the undesirability of leaving 
the experiment immersed in sodium for an extended period of t ime. Two 
stainless steel core-dummy subassemblies and one natura l -uranium core-
dummy subassembly were installed in the core to provide increased shut­
down margin during the cooldown. The No. 6 control rod was removed, and 
the position it had occupied was left vacant for the instrumented subassembly. 

2. Fuel Cycle Facility (M. J. Feldman) 

a. Fuel (D. L. Mitchell) 

Last Reported: ANL-7632, p. 78 (Oct 1969). 

(i) Cold-line Production and Assembly. Table I.E.I summa­
rizes the production activities for Oct. 16 through Nov. 15, 1969, and for the 
year to date. 
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TABLE I .E . I . Product ion Summary for F C F Cold Line 

10/16/69 through 
11/15/69 

Aark lA Mark II 

Al loy-prepara t ion runs 
New fuel 
Remel t s 

Total 

263 
3 

621 

0 

672 
6 

776 
76 

0 
214 

11 

7,025 

0 

0 

0 

Inject ion-cast ing runs 

P ins p r o c e s s e d 
Accepted 
Rejected 

Elements welded 

Elements rewelded 

Elements leaktes ted 
Accepted 
Rejected 

Elements bondtested 
Accepted 
Rejected 

Subassembl ies fabr icated (cold-l ine fuel) 

Bonded e lements rece ived from vendor 
Inspected and accepted 
Inspected and re jec ted 

Unbonded e lements rece ived from vendor 
Impact bonded, inspected, and 

accepted by ANL 
Impact bonded, inspected, and 

re jec ted by ANL 

Subassembl ies fabr icated (vendor fuel) 

Total e lements available for subassembly fabricat ion as of l l / l 5 / 6 9 
Cold-l ine fuel 

Mark lA 1,448 
Mark II 

Total 
This Year 

Vendor fuel (Mark lA) 
234 

22,608^ 

II 
18 
29 

39 

1,979 

190 

16^ 

3 
11 

10 

3,759 

119 

4,333 

0 

4,206 

94 

4,023 

412 

37 

24,313'' 

Z3.bZl^''^ 

1,251^' 

9.204'i 

941 
53 

884 

69' 

804 
21 

934 
9 

6 

^Includes 64 e lements in which visual examinat ion of welds indicated that they were not accept ­
able for potential ly high-burnup expe r imen t s . 

b j o t a l includes f igures for 1968. 
^Includes fuel e lements r e tu rned to vendor for rework to c o r r e c t voids in sodium bond and 

after r ework sent back to ANL for re inspect ion . 
^Ten unbonded vendor e lements were set aside for h i s to r i ca l sannples. 
^Includes subassennbl ies made up of a n:iixture of vendor and cold- l ine fuel e l emen t s . 
f Jh i s figure does not include vendor e lements that were impact bonded by ANL. 

Six M a r k - I A s u b a s s e m b l i e s conta in ing fuel e l e m e n t s p r o ­
duced in the cold l ine w e r e f a b r i c a t e d in the cold l ine du r ing the mon th . 
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A to ta l of 7025 unbonded fuel e l e m e n t s w e r e r e c e i v e d th is 
month f r o m the A e r o j e t - G e n e r a l C o r p o r a t i o n (AGC) for i m p a c t bonding by 
ANL; none was i m p a c t bonded dur ing the month . Data r e l a t i n g to r e c e i p t , 
i m p a c t bonding, and a c c e p t a n c e of t h e s e AGC e l e m e n t s a r e inc luded in 
Table I . E . I . 

(ii) In spec t ion of Vendor F u e l . The 225 A G C - f a b r i c a t e d e l e ­
m e n t s r e c e i v e d l a s t month have been i n s p e c t e d . Of t h e s e , 214 w e r e accep ted . 
The r e m a i n i n g 11 w e r e vendor r e j e c t s . The c u r r e n t n u m b e r (as of 
N o v e m b e r 15, 1969) of AGC e l e m e n t s ava i l ab le af ter v e r i f i c a t i o n in spec t ion 
is 22 ,608, not inc luding the AGC e l e m e n t s that have been i m p a c t bonded 
by ANL. A s u m m a r y of the data r e l a t i ng to r e c e i p t and a c c e p t a n c e of the 
fuel p roduced by AGC is inc luded in Table I . E . I . 

b . Su rve i l l ance (M. J. F e l d m a n , J. P . Bacca , and E. R. E b e r s o l e ) 

L a s t Repor ted : ANL-7632 , pp. 78-92 (Oct 1969). 

(i) P o s t i r r a d i a t i o n Ana lys i s of E B R - I I F u e l ( j . P . Bacca ) 

(a) Influence of Compos i t ion on I r r a d i a t i o n - i n d u c e d 
Swelling of U-5 wt % F s D r i v e r - f u e l Alloy (S. T. Zeg le r ) 

An ana lys i s was inade of al l p o s t i r r a d i a t i o n swel l ing 
da ta obta ined to date for ba tches of U-5 wt % F s d r i v e r fuel which dev ia ted 
in compos i t i on f rom that r e q u i r e d by Rev i s ion 5 of the p r o d u c t spec i f i ­
ca t ions for the M a r k - I A fuel (Specif icat ion F C F - 1 , P r o d u c t Spec i f ica t ion 
for the E B R - I I D r i v e r F u e l E l e m e n t s ) . The findings ind ica te that the 
t o l e r a n c e l i m i t s for c e r t a i n component e l e m e n t s of the al loy, as defined 
by Revis ion 5, can be expanded without caus ing any s igni f icant change in 
the amount of i r r a d i a t i o n swel l ing of the al loy. Table I .E.2 l i s t s the e l e m e n t s 

TABLE I.E.Z. Composition Ranges of Alloying Elements 
and Impurity Levels in U-5 wt % Fs Driver-fQel Alloy 
as Specified in Revision 5 and Revision 7 (Proposed) 

of Specification FCF- 1*̂  

Element 

Molybdenum 
Ruthenium 
Rhodium 
Pa l l ad ium 
Z i r con ium 
Niobium 
Silicon 

Aluminum 
Carbon 
Nickel 
Total Impur i t i e s 

Revis ion 5 

Alloy Composi t ion Range ( 

2.44 ± 0.17 
1.94 ± 0.16 
0.28 ± 0.05 
0.19 ± 0.04 
0.10 ± 0.03 
0.01 ± 0.006 
0.04 ± 0.012 

Maximum Impur i ty Levels 

3 0 0 

4 0 0 

2 0 0 

2200 

Revis ion 

wt%) 

2.44 
1.95 
0.28 
0.19 
0.09 

0.015 
0,05 

(ppm) 

7 ( P r o p o s e d ) 

± 0.17 
± 0.25 
± 0.05 
± 0.04 
± 0.06 
± 0.012 
± 0.027 

4 0 0 

6 0 0 
2 50 

2550 

^Product Specification for the EBR-II Driver Fuel Elements. 
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(a l loying and i m p u r i t i e s ) that w e r e s tud ied , the i r t o l e r a n c e l imi t s as defined 
by R e v i s i o n 5 of Spec i f i ca t ion F C F - 1 , and the spec i f ic ex ten t to which the 
a n a l y s i s i n d i c a t e s that the t o l e r a n c e l imi t of each may be ex tended for a 
p r o p o s e d r e v i s i o n ( n u m b e r 7) of Spec i f i ca t ion F C F - 1 . Tabu la t ed in 
Tab le I . E . 3 for e a c h e l e m e n t s tud ied a r e the m o s t e x t r e m e dev ia t ions in 
c o m p o s i t i o n f r o m the spec i f i ca t i ons g iven in R e v i s i o n 5 of Spec i f ica t ion 
F C F - 1 , and the c o r r e s p o n d i n g m e a s u r e d m a x i m u m va lues of i r r a d i a t i o n 
swel l ing and swel l ing r a t e . 

TABtE I.E.3. Summary of Max imum Swel l ing and Swel l ing Rate for Largest Deviations f rom Specif icat ion 

FCF-1 (Revision 5)^ of Component Mater ia ls in EBR-II Driver Fuel 

Element 

S i l i con 

Molytx ienum 

R u t h e n i u m 

Rtiodium 

Pal ladium 

Z i r c o n i u m 

Niobium 

Cartjon 

A l u m i n u m 

Value 

Deviat ing f rom 

Specif icat ion 

Iwt %l 

Min 

0.024 

1.91 

1.73 

0.18 

0.20 

0.12 

0.028 

0.002 

Max 

0.092 

2.76 

2.61 

2.72 

0.39 

0.25 

0.021 

0.097 

0.067 

0.078 

0.059 

Si l icon 

Content of 

Fuel (ppml 

213 

102 

307 

260 

785 

170 

630 

350 

90 

568 

300 

362 

100 

224 

ni l 
381 

330 

Fuel Batcti 

No. 

0427 

4265 

0301 

SL-16 

CL-045 

4012 

R-410 

0408 

0703<: 

0450 

0422 

4225 

CL-025 

07021^ 

0437 

4247 

4264 

4261 

0454 

Subassembly 

No. 

C-2085 

C-2163 

C-283 

C-186 

C-2130 

B-342 

C-2077 

C-2049 

C-2175 

C-2112 

C-2101 

C-2103 

C-2148 

C-2184 

C-2093 

C-2135 

C-2163 

C-2156 

C-2112 

Max imum 

B u r n u p 

la l . %l 

1.46 

1.20 

1.20 

1.20 

1.10 

1.14 

079 

0.88 

1.17 

1.19 

1.45 

1.16 

1.47 

1.63 

1.39 

0.97 

1,19 

0.86 

1.18 

Max imum Total 

Volume 

Swel l ing of 

Fuel (AV/V) (%l 

5.86 

6.56 

12,4 

14,7 

5,3 

4.3 

37 

7.14 

7,84 

6,38 

15,8 

7,08 

6,02 

16,7 

16,7 

47 

6.28 

5.1 

5.54 

Maximum 

Swelling 

Rale'' 

4.0 

5.5 

10.2 

12.3 

4,8 

3,8 

4,7 

8,1 

6,7 

5.4 

10.9 

6.1 

4.1 

1025 

12.0 

4.8 

5.3 

5.9 

4.7 

^Product Specification for the EBR-II Driver Fuel Elements, 

''Maximum swelling rate = (AV/V) (l/burnup). 

C70ifc-enriche<J driver fuel. 

c. E x p e r i m e n t a l Suppor t (J. P . B a c c a and N. R. Gran t ) 

L a s t Repo r t ed ; ANL-7632 , pp. 93-94 (Oct 1969). 

(i) C o m p a r i s o n of M e a s u r e d and Ca lcu la t ed D i a m e t e r Changes 
for C a p s u l e s C-1 and C-17 f rom E x p e r i m e n t a l I r r a d i a t i o n 
S u b a s s e m b l y X012 (R. V. S t ra in ) 

Ca l cu l a t i ons of the changes in d i a m e t e r r e s u l t i n g f r o m 
i r r a d i a t i o n - i n d u c e d swel l ing of s t a i n l e s s s t e e l w e r e m a d e with two c a p s u l e s 
( n u m b e r s C-1 and C-17) f rom S u b a s s e m b l y X 0 1 2 , us ing the following equat ion: 

AV(%) 10 [*t)' ' 10 
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w h e r e 

AV(%) = p e r c e n t vo lume change of the s t a i n l e s s s t e e l ; 

( 0t) = n e u t r o n f luence having e n e r g y g r e a t e r than 0.1 MeV; 

T = t e m p e r a t u r e in d e g r e e s Kelvin . 

The d i a m e t e r change in the c a p s u l e s due to the swel l ing 
of the s t a i n l e s s s t e e l was a s s u m e d to be o n e - t h i r d of the vo lume swel l ing 
of the s t a i n l e s s s t ee l , s ince this swel l ing is c o n s i d e r e d to be i s o t r o p i c . 

The t e m p e r a t u r e s used in the ca l cu l a t i ons w e r e a v e r a g e 
va lues of the t e m p e r a t u r e s of the o u t s i d e - and i n s i d e - d i a m e t e r s u r f a c e s 
of the c a p s u l e s , as c a l c u l a t e d us ing the HECTIC code . The f luences used 
w e r e ca l cu l a t ed and w e r e b a s e d on the ax ia l - f lux p ro f i l e s given in the 
L a b o r a t o r y ' s "Guide for I r r a d i a t i o n E x p e r i m e n t s in E B R - I I . " 

F i g u r e s I .E . I and I .E.2 show the r a t h e r good a g r e e m e n t 
that r e s u l t e d when the ca l cu l a t ed capsu l e d i a m e t e r s w e r e c o m p a r e d with 
the m e a s u r e d capsu l e d i a m e t e r s . The d i a m e t e r s of the c a p s u l e s w e r e 
m e a s u r e d with a r e m o t e l y o p e r a t e d Bausch & L o m b Model DR-25B opt i ­
ca l gauge. The m e a s u r e m e n t s a r e c o n s i d e r e d to be a c c u r a t e to ±0.0001 in. 

S t a i n l e s s s t ee l swel l ing was c a l c u l a t e d for only the fueled 
po r t i on of the c a p s u l e s that had been i r r a d i a t e d in the c o r e r eg i o n of the 
r e a c t o r ; no flux va lues w e r e ava i l ab le for the axia l b l anke t r e g i o n s . Because 

O CALCULATED VALUES 

A MEASURED VALUES ( 9 0 * OFIIENTATION) 

D MEASURED VALUES ( 0* oniENTATION) 

~S~W H H 

' S ^ r^ To T* Ts 71 
DISTANCE FROM BOTTOM OF CAPSULE, in. 

Fig. I.E.I. Diameter Profile of Capsule C-1 Subassembly X012 
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O CALCULATED VALUES 

2i MEASURED VALUES ( » 0 ' ORIENTATION) 

D MEASURED VALUES ( 0 * ORIENTATIONl 

DISTANCE FROM BOTTOM OF CAPSULE, in. 

Fig. I.E.2. Diameter Profile of Capsule C-n from Subassembly X012 

of i n h e r e n t e r r o r s in the va lue s used in the ca l cu l a t i ons as wel l as p e r t u r ­
ba t ions in the n e u t r o n flux a round e x p e r i m e n t a l s u b a s s e m b l i e s in the E B R - I I 
c o r e , t h e r e is s o m e u n c e r t a i n t y in the c a l c u l a t e d f luence v a l u e s for the c o r e 
r eg ion . The d i f f e r ences be tween the c a l c u l a t e d and m e a s u r e d d i a m e t e r 
changes a r e p r o b a b l y wi th in the r ange of e r r o r in the f luence v a l u e s used 
in t h e s e c a l c u l a t i o n s . 

(ii) The Effect of I r r a d i a t i o n in E B R - I I on Type 304 Sta in-
l e s s S tee l : An I n t e r i m R e p o r t on E x p e r i m e n t a l S u b a s s e m b l y 
XA08 (C. L. M e y e r s , R . V . S t ra in , E. R. E b e r s o l e , and 
F . D. McGinnis ) 

E x p e r i m e n t a l S u b a s s e m b l y XA08 was i r r a d i a t e d in E B R - I I 
for a to ta l e x p o s u r e of about 19,000 MWd (ca lcu la t ed to ta l f luence of a p p r o x i ­
m a t e l y 8 x 1 0 n / c m ). The s u b a s s e m b l y con ta ined e ight c a p s u l e s loaded 
with G r o u p C-2 c a r b i d e fuel and e l even c a p s u l e s loaded with s t r u c t u r a l -
m e t a l s s a m p l e s . The s u b a s s e m b l y was s u r r o u n d e d by d r i v e r - f u e l s u b ­
a s s e m b l i e s dur ing m o r e than 95% of i ts e x p o s u r e t i m e in the c o r e , and was 
r e m o v e d f r o m the c o r e on June 29, 1969. 

V i sua l e x a m i n a t i o n of the s u b a s s e m b l y in the F u e l Cycle 
F a c i l i t y i nd i ca t ed that s ign i f ican t expans ion ( l a t e r a l bulging) of the Type 
304 s t a i n l e s s s t e e l hexagona l tubing had o c c u r r e d as a r e s u l t of i ts i r r a d i a ­
t ion s e r v i c e . F l a t - t o - f l a t m e a s u r e m e n t s of the tubing in a l l t h r e e r a d i a l 
o r i e n t a t i o n s i nd i ca t ed a m a x i m u m i n c r e a s e of 0.056 in. (2.5%) over the 
p r e i r r a d i a t i o n nomina l d i m e n s i o n s of the tubing. P r e c i s i o n dens i t y m e a s -

u r e m e nts (us ing CCI4) of s a m p l e s t aken f rom along the length of s e v e r a l 
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f la ts of the hexagona l tube ind ica ted a m a x i m u m d e c r e a s e of a p p r o x i ­
m a t e l y 2.7% in the dens i ty of the s t a i n l e s s s t e e l . P r e c i s i o n m e a s u r e m e n t s 
of the wal l t h i c k n e s s of the tubing m a t e r i a l a r e be ing m a d e . F u r t h e r 
a n a l y s i s of the dens i ty da ta is under way. 

d. R e a c t o r Suppor t 

L a s t Repo r t ed : ANL-7618 , pp. 7 7 - 7 8 (Sept 1969). 

(i) A i r - c e l l E n t r y (D. M. Pa ige ) 

No p e r s o n n e l have e n t e r e d the a i r ce l l of the F u e l Cycle 
F a c i l i t y s ince it began c losed ope ra t i on in 1965. All e q u i p m e n t in the 
ce l l has been m a i n t a i n e d by r e m o t e m e a n s . It has not been p o s s i b l e , how­
e v e r , to p e r f o r m r e m o t e m a i n t e n a n c e on s e v e r a l i t e m s , p r i m a r i l y b e c a u s e 
of the loca t ion of t he se i t e m s within the ce l l . Among t h e s e i t e m s a r e the 
e l e c t r i c a l b u s b a r s that supply the power to the c r a n e s , e l e c t r o m e c h a n i c a l 
m a n i p u l a t o r s , and b r i d g e s and b r idge whee l s for the c r a n e s and m a n i p u ­
l a t o r s . Although no major p r o b l e m s have been e n c o u n t e r e d with t h e s e 
i t e m s , it was dec ided that the t i m e dur ing which the r e a c t o r was shut down 
for i n s t a l l a t i on of the i n s t r u m e n t e d s u b a s s e m b l y should be u t i l i zed to 
examine and p e r f o r m m a i n t e n a n c e on them. 

Before s t a r t i n g r e m o t e c l eanup of the ce l l i n t e r i o r , al l 
fuel , i r r a d i a t e d s t r u c t u r a l m a t e r i a l , and p r o c e s s equ ipmen t (excep t the 
v e r t i c a l a s s e m b l y - d i s m a n t l e r and the f i n a l - a s s e m b l y mach i n e ) w e r e 
r e m o v e d f rom the ce l l . (The f i n a l - a s s e m b l y mach ine was s u b s e q u e n t l y 
r e m o v e d f rom the ce l l af ter the door s w e r e opened; the a s s e m b l y -
d i s m a n t l e r will r e m a i n in the cel l . ) The c leanup c a m p a i g n is c o m p l e t e d . 
Remote c leaning of the ce l l was a c c o m p l i s h e d with u s e of the i n - c e l l 
m a n i p u l a t o r s and a p p r o p r i a t e tools for sweeping , d r y mopping , and vacu ­
uming. After an in i t ia l en t ry to the ce l l was made to d e t e r m i n e a p p r o x i ­
m a t e work ing t i m e r e q u i r e d , d i r e c t c lean ing o p e r a t i o n s w e r e p e r f o r m e d 
by wash ing with a solut ion of soap and w a t e r and r i n s i n g with c l e a r w a t e r . 
The r educ t ion in r ad ioac t iv i ty leve ls in the ce l l du r ing the v a r i o u s c lean ing 
o p e r a t i o n s is shown in Table I .E .4 . 

TABtE l,E.4, Rafliation levels in the Air Cell ot the Fuel Cycle 
Facility during Cleaning Operations 

(J lo 8 in, 
from lloorl 

Radiation level (R/tir) 

Window Numbera 

Survey 

llVI5/69t' 

10/17/69^ 

1(VZ(V69 

loizm^'^ 
10/31/696 

1 

14 

2.3 

0.37 

0.20 

0.06 

? 

8.0 

3.0 

0.47 

0,22 

0.06 

3 

3.0 

2.0 

0.50 

0,15 

0.08 

4 

1.1 

0.4 

0.25 

0.15 

0,05 

2.7 

1.2 

0.76 

0,18 

0.58 

6 

6.7 

2.8 

0.90 

0.21 

0.55 

7 

29 

7.7 

0.44 

0,25 

0.32 

8 

26 

4.1 

0,39 

" 0,27 

0,22 

9 

21 

1,3 

0.31 

0.19 

0.25 

Pits 

7.0 

3.5 

1.0 

0.20 

0.37 

Pits 

16 

3,5 

0.37 

0.25 

0.28 

Center 

15 

1.3 

0.30 

0.19 

0.30 

Door 

36 

1.6 

0.29 

0.18 

0.10 

^Radiation readings were made 4 It above floor, at 
liFirst survey; seven fuel elements still in cell. 
tHalfway through remote cleanup; one fuel element still in cell. 
ilCQmplelion of remote cleanup operations. 
^Completion of direct cleanup operations. 

ndow locations, except as noted in survey of 10/31/69. 
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No di f f icu l t ies w e r e e n c o u n t e r e d in d e c o n t a m i n a t i n g the 
ce l l s u r f a c e s to the l e v e l s of r a d i o a c t i v i t y i nd i ca t ed in the t a b l e . B e c a u s e 
of the p y r o m e t a l l u r g i c a l f u e l - r e c o v e r y p r o c e s s e m p l o y e d at E B R - I I , 
t h e s e s u r f a c e s w e r e e a s y to c l e a n so tha t they w e r e f r ee of c o n t a m i n a t i o n . 
S ince the c o n t a m i n a t i o n a r i s i n g f r o m the p y r o m e t a l l u r g i c a l p r o c e s s i s in 
the f o r m of d r y p a r t i c u l a t e wh ich s e t t l e s out on a s u r f a c e , it does not 
b e c o m e r e a d i l y f ixed and is r e a d i l y s u s c e p t i b l e to c l ean ing by the 
t e c h n i q u e s u s e d . 

E q u i p m e n t m a i n t e n a n c e i s in p r o g r e s s . W o r k on the c r a n e 
and m a n i p u l a t o r b r i d g e s and t h e i r r e s p e c t i v e b u s b a r s is a l m o s t c o m p l e t e . 
In g e n e r a l , t he condi t ion of th i s e q u i p m e n t was m u c h b e t t e r than e x p e c t e d . 
M a i n t e n a n c e and r e p a i r of the e l e c t r o m e c h a n i c a l m a n i p u l a t o r c a r r i a g e s 
have b e e n s t a r t e d . C o n c u r r e n t l y wi th the m a i n t e n a n c e w o r k be ing done , 
e l e c t r i c a l , i n s t r u m e n t , and p n e u m a t i c s e r v i c e s a r e be ing i n s t a l l e d for 
new i n - c e l l e x a m i n a t i o n e q u i p m e n t . 

P U B L I C A T I O N S 

P u m p s for S o d i u m - C o o l e d F a s t B r e e d e r R e a c t o r s 
R. C. A l l en 

R e a c t o r F u e l - P r o c e s s . T e c h n o l . 1_2(3), 264-278 ( S u m m e r 1969) 

F a u l t P r o p a g a t i o n in an E B R - I I M a r k - I I D r i v e r - F u e l S u b a s s e m b l y 
A. V. C a m p i s e 

A N L - 7 5 6 0 ( M a r c h 1969) 

F l o w P r o p e r t i e s of S u s p e n s i o n s wi th High Sol ids C o n c e n t r a t i o n 
E . C. Gay, P . A. N e l s o n , and W. P . A r m s t r o n g * 

AIChE J o u r n a l 15(6), 815-822 (Nov 1969) 

Study of Load ing of E B R - I I E l e c t r i c P o w e r S y s t e m 
H. K a c i n s k a s 

A N L / E B R - 0 0 5 * * (July 1969) 

A r g o n n e A d v a n c e d R e s e a r c h R e a c t o r C r i t i c a l E x p e r i m e n t s 
K. E . P l u m l e e , J . W. D a u g h t r y , T. W. Johnson , W. R. Robinson , 
R. A. Schu l t z , and G. S. S tanford 

A N L - 7 4 8 3 (Feb 1969) 

C o n c e p t u a l S y s t e m Des ign D e s c r i p t i o n of the E B R - I I I n - c o r e I n s t r u m e n t 
T e s t F a c i l i t y 

O. S e i m , E . H u t t e r , T . Su l l ivan , R. Olp, J . P a r d i n i , E. F i l e w i c z , and 
R. B r u b a k e r 

A N L / E B R - 0 0 4 * * (June 1969) 

* Washington University. 
One of a series of "bluebacl<" topical reports prepared by the EBR-II Project. 



P h y s i c o c h e m i c a l M e c h a n i c s of M e t a l s and N u c l e a r R e a c t o r s 
F . A. Smi th 

Int . J . N o n d e s t r u c t i v e T e s t i n g J_, 2 3 7 - 2 4 9 (Nov 1969) 

Some O b s e r v a t i o n s on P h e n o m e n a Affect ing W e a r of B e a r i n g M a t e r i a l s in 
Sl iding C o n t a c t in Sod ium and A r g o n at T e m p e r a t u r e s up to 1200°F 

E . S. Sowa, K. C. T s a o , * C. F i a l a , and C. J . Divona 
A N L - 7 5 8 0 (July 1969) 

O p e r a t i o n of a P y r o c h e m i c a l P r o c e s s i n g - R e m o t e R e f a b r i c a t i o n P l a n t ; the 
E B R - I I F u e l Cyc le F a c i l i t y 

C. E . S tevenson , M. J . F e l d m a n , D. C. H a m p s o n , D. M. P a i g e , and 
N. J . Swanson 

C h e m . Eng . P r o g r . S y m p . S e r . 94, 65, 61 -69 (1969) 

The following a p p e a r e d in P r o c . 17th Conf. on R e m o t e S y s t e m s Technology , 
A m . Nuc l . S o c , San F r a n c i s c o , N o v e m b e r 1969: 

Gas l igh t Shie ld ing Window Des ign for the Hot F u e l E x a m i n a t i o n F a c i l i t y 
T. W. E c k e l s and D. P . M i n g e s z 

pp . 192-195 

C o n t a i n m e n t E x p e r i e n c e at the E B R - I I F u e l Cyc le F a c i l i t y and F u t u r e 
P l a n s (Pane l D i s c u s s i o n ) 

K. R. F e r g u s o n 
pp . 145-146 

A T i t a n i u m G e t t e r i n g S y s t e m for P u r i f i c a t i o n of Glove Box A t m o s p h e r e s 
M. L. Kyle , R. D. P i e r c e , and K. R. Tob ia s 

p p . 1 8 5 - 1 9 1 

Des ign of the Hot F u e l E x a m i n a t i o n F a c i l i t y A r g o n S y s t e m 
E. W. Landow and P . R. H i r s c h 

pp . 196-200 

I r r a d i a t i o n T e s t s of Hot Cel l L a m p s 
R. A. M a r b a c h 

pp . 222-223 

A V e r t i c a l A s s e m b l e r - D i s m a n t l e r for the F u e l Cyc le F a c i l i t y 
W. L . S a l e s , D. L . Mi t che l l , J . R. Whi te , and J . P . S imon** 

pp . 26 -33 

P r e l i m i n a r y Des ign of the Hot Fue l E x a m i n a t i o n F a c i l i t y ( H F E F ) 
N. J . Swanson, J . F . L i n d b e r g , D. P . M i n g e s z , R. C. Wa t son , 
K. R. F e r g u s o n , and J . R. Whi te 

pp . 131-140 

The University of V/isconsin. 
National Accelerator Laboratory. 



II. OTHER FAST REACTORS--OTHER FAST BREEDER 
REACTORS--FUEL DEVELOPMENT 

A. Irradiation Effects, Mechanical Proper t ies and Fabrication 

1. Mechanical Proper t ies of Type 316 Austenitic Stainless Steel 
(J. E. Tesk, S. D. Harkness , and R. Carlander) 

Not previously reported. 

Capsule A03-D1, containing two concentric tubes of Type 316 aus­
tenitic stainless steel in an inert atmosphere of 90% argon and 10% helium, 
has been assembled and is planned for insertion into EBR-II as part of the 
Group 0 - 3 experimental Subassembly X072. The outer tube is from the 
same lot of tubing that was used to encapsulate the Group 0 -3 experimental 
fuel pins. The tube will serve as a standard for tube burst or tube rupture 
experiments that will be performed on the Group 0 -3 fuel pins after i r r a ­
diation to -10% burnup. This tube will receive nearly the identical neutron 
exposure as the fuel cladding at temperatures close to the fuel cladding 
tempera tures . One important difference between the irradiat ion history 
of the fuel-pin cladding and the tube standard will be the lack of possible 
cesium penetration in the standard. 

The inner tube serves as a susceptor to ra ise the temperature of 
the outer tube to the desired values. It is expected that information on free 
swelling at high tempera tures (~ 500-650°C) will be available from the inner 
tube. Temperature and flux profiles are expected to be nearly symmetr ic 
with respect to the reactor midplane. Half of the inner tube has been cold 
worked to ~20% to investigate the effects of cold work on free swelling by 
comparison wdth swelling of the annealed half of the inner tube. Tempera­
ture and flux monitors have been installed inside the inner tube. 



III. GENERAL REACTOR TECHNOLOGY 

A. Appl ied and R e a c t o r P h y s i c s D e v e l o p m e n t 

1. T h e o r e t i c a l R e a c t o r P h y s i c s - - R e s e a r c h and D e v e l o p m e n t 

a. T h e o r e t i c a l R e a c t o r P h y s i c s 

(i) R e a c t o r C o m p u t a t i o n and Code D e v e l o p m e n t (B. J . Toppel) 

L a s t R e p o r t e d : A N L - 7 5 7 7 , p . 130 ( A p r i l - M a y 1969). 

(a) Spa t i a l F l u x S y n t h e s i s . A s e r i e s of c a l c u l a t i o n s have 
been r u n to t e s t the p e r f o r m a n c e of the SYNID code in a v a r i e t y of s i t ua t ions . 

In one s e t of t e s t c a s e s a c y l i n d r i c a l r e a c t o r , b a r e in 
the r a d i a l d i r e c t i o n and with four m a t e r i a l r e g i o n s in the z - d i r e c t i o n , was 
u s e d . M o r e o v e r , ce l l b o u n d a r y condi t ions w e r e i m p o s e d in the r - d i r e c t i o n . 
The flux i s then s e p a r a b l e and flat in the r - v a r i a b l e . The t r i a l funct ions 
u s e d w e r e funct ions of r and w e r e s y n t h e s i z e d in the z - d i r e c t i o n . Six en­
e r g y g r o u p s w e r e u s e d . The p h y s i c a l s i t ua t i on s e l e c t e d is v e r y s i m p l e , 
enough to a l low c l e a r - c u t q u a l i t a t i v e p r e d i c t i o n of what the code should do, 
but p e r m i t t i n g n e v e r t h e l e s s to t e s t the "working of a v a r i e t y of s y n t h e s i s 
op t ions . 

The r e s u l t s w e r e c o m p a r e d wi th the r e s u l t s obta ined 
by codes us ing f i n i t e -d i f f e r ence t e chn iques (DIFF2D) . As can be a p p r e ­
c ia ted f r o m Tab le I I I . A . l , which s u m m a r i z e s the r e s u l t s , the s y n t h e s i s 
v a r i a b l e s ( i . e . , n u m b e r of s y n t h e s i s r e g i o n s ) , l o c a t i o n of s y n t h e s i s r e g i o n 
b o u n d a r i e s , and n u m b e r and type of t r i a l funct ions as a funct ion of r e g i o n 
and g roup w e r e v a r i e d wide ly . The ab i l i ty of the code to h a n d l e a v a r i e t y 
of bounda ry condi t ions at the top and bo t tom of the r e a c t o r was a l so t e s t e d . 
The a g r e e m e n t in kgff v a l u e s was in g e n e r a l exce l l en t . The f luxes in the 
r d i r e c t i o n w e r e flat to the s ix th s ign i f ican t f igure in al l c a s e s t e s t e d and 
a g r e e d qui te wel l wi th the c o m p a r i s o n f luxes in the z - d i r e c t i o n . The t r i a l 
functions u s e d w e r e such tha t in all c a s e s the exac t so lu t i on could be r e ­
p r o d u c e d . The t r i a l functions have been n a m e d H5i<̂  and HgfJ, with g for 
e n e r g y g r o u p , k for s y n t h e s i s r eg ion and n for t r i a l funct ion n u m b e r ; 
0g(zk) , 0g (zL) , 0g(zi^) o r 0g (zL) a r e fluxes and adjo in ts f r o m a f ini te dif­
f e r e n c e c a l c u l a t i o n a t the m e s h poin ts k or L; Ak is the d i f f e r ence in k 
be tween s y n t h e s i s and the f i n i t e -d i f f e r ence ca l cu l a t i o n . 

Ano the r se t of c a l c u l a t i o n s was r u n to t e s t t he ab i l i ty 
of the code to handle d i f fe ren t types of b o u n d a r y cond i t ions in the t r a n s ­
v e r s a l c o o r d i n a t e d i r e c t i o n , i . e . , tha t c o o r d i n a t e o v e r which the t r i a l func­
t ions a r e def ined. T h e s e t e s t s u s e d a s q u a r e b a r e r e a c t o r with one se t of 
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TABLE I I I .A. l . Summary ol > Comparison of Synthesis ISYNID) and Flnlte-dlllerence (DIFF20) Calculations 

Number ol 
Synlttesis 
Regions 

Region 
Boundaries 

mtih Point! 

Left 
Boundary 
Condition 

Right 
Boundary 
Condition Trial Function Description 

1 2 4 . ' - O , . 4 ^ - 0 H ^ i ^ - H ^ l - l <10-6 

? 4 1. 2, 5 • • " i k * "ok • ' 

" J l - ^ g l " ' "g'2-"g2-
3 2 5 • •• 

H^, • H*^ • 1 - r 
g2 g2 

" i l • K\ • 1; H*, • H*l • r Hi • H'i • f; H2, - H*? • 1 - r 
gl gl g2 g2 gt gl gl gl 

4 2 5 " ' and • 
»L • H*^ • 1 • r for g • 1. 2, 3 H^ • H'j • 1 lor g • 4. 5, 6 

3 2 5 • . „ i ^ . „ . . . , , „ ^ ^ . „ . J . , . , , . , , ^ . „ . 

6 3 3, 5 • • • 

"ok * "ok ^ " 9- •• ' '̂ 3 

^ 2 5 • • "ok * '• "ok • ' " ^ " 9. •• • ' . 2 

8 2 5 • • Hl • g * 2. H'l - l / [g t2 ) all g, k • 1, 2 

H1 - g * 2, H'[ • 1/Ig*2) 

9 2 5 " ' all g 
H ' • (g*2!^, H*^ • l/(q + 2)^ 

Hi • r t 1, H'l • r/2 - 1 
gk gk 

10 2 5 • • all g, k • 1, 2 

11 14 1. 2 D • ' "qk " "g'^lt'' "ok " * g ' ' i ' ' ' " ^' ' I ' '^ ''"^ ' " " ' ^ ^ ' ' ' " ' 

"gk " 'g'^L' ' "gk ' ' g ' ' L ' ^ " 5' ^""^ 
12 4 1. 3. 6 • • 

for k • 1, L • 1. lor k • 2, L • 4, lor k • 3. I - 7 and for k - 4, L • 12 

13 14 1,2 13 • • Hi • H*l • 0glz,,)all g, all k 

14 14 1.2 13 • • H ' - H*^ • e- lz^lal l g. all k 

15 14 1. 2 U • ' " i • "g'^k'' "gk • "g'^i"'- ^" 5' 3 " * 

^2 • "92 • ' ' . i • t -̂ 3; " 3 ? ' "g1 • ' • ' ' '^ • '^ ' " ^ 
16 3 3. 6 • • 

H1 • H*l • 1 all g and k • 1, 3 
gk gk 

H i , - H*!, • n . i • I, 2, 3. 4, H5 - H*5 - 1 - r - r̂  - r3 - r̂ . a|| g 
g2 g2 qi g<: 

17 3 3. 6 • • 

H1 • H ' ' - 1 all g and k • 1. 3 

" ' ? • Kz • f'- ' • 1. 2 5, H6 • H'6 - 1 - r - r̂  - r̂  - r̂  - fS all g 

18 3 3, 6 • • ^ 

H ' • H*' • 1 all 9 and k • 1. 3 

H I J • H*} • Sr^ - 8r * 1, H^ - H*^ • lOr^ - lOr » 3, H^j • H*3 • 2r2 - 2r * 1 all g 

19 2 3 ( • 0 e • 0 ' 
H ' • r + 1, H*] - 5r - 5/2, H^^ - -r ' 1. H*^ • -5r * 7/2 all g 

20 2 3 »• • 0 6-0 Same as in 119 

21 2 3 i ' * ^ » - 0 ( - 0 Same as in *19 

22 2 3 » • 0 «' - 0 Same as In 119 ' 

23 2 3 ( ' • 0 0' • 0 Same as In #19 

24 2 3 f * ^ t • 0 f • 0 Same as In #19 ' 

25 2 3 e - O • ' + = = • • 0 Same as In #19 

26 2 3 0' • 0 0 ' + 20 » • 0 Same as In #19 

27 2 3 0- • ^ 0 • 0 0' • j ^ 0 • 0 Same as In #19 



9 0 

fixed bounda ry condi t ions at the e x t r e m e s of the x - c o o r d i n a t e (0' = 0 at 
the left , and 0 = 0 on the r igh t ) . T h r e e d i f fe ren t r e f e r e n c e c a s e s w e r e 
r u n for th is g e o m e t r y us ing D I F F 2 D which differ only in the b o u n d a r y con­
d i t ions i m p o s e d at the y - c o o r d i n a t e e x t r e m e s . The v a l u e s of kgff obta ined 
for the t h r e e r e f e r e n c e runs a r e the fol lowing: 

k = 0.58643 

k = 1.21046 

k = 0.68424 D„ 

0 

0; I 

+ ad 

= 1, 2, 

= 0 

., 6 
at both y - c o o r d i n a t e 
b o u n d a r i e s 

The s y n t h e s i s ca l cu l a t i ons u s e d as t r i a l funct ions y - d e p e n d e n t flux p ro f i l e s 
f rom t h e s e r e f e r e n c e r u n s . T r i a l function n u m b e r one c o m e s f r o m the ref­
e r e n c e c a s e with 0 = 0 condi t ions in the y - d i r e c t i o n , n u m b e r two f rom the 
c a s e wi th 0' = 0 cond i t i ons , and n u m b e r t h r e e f r o m the r e m a i n i n g c a s e 
with Dg0' + a0 = 0 cond i t i ons . 

By m e a n s of input p a r a m e t e r s * the u s e r d e c i d e s which 
bounda ry condi t ions should be imp l i c i t l y i m p o s e d by the v a r i a t i o n a l func­
t ional in the y - d i r e c t i o n . The code then should p r o c e e d to s e l e c t o r c o m ­
bine the t r i a l functions acco rd ing ly . 

Tab le III.A.2 s u m m a r i z e s the r e s u l t s of the t e s t s up 
to now. F i v e s y n t h e s i s ca l cu la t ions w e r e p e r f o r m e d in each b a s i c c a s e 
c o n s i d e r e d : with the exac t t r i a l function for the c a s e (Runs 1, 6, 11); with 
the exact t r i a l function and one of the o t h e r s (Runs 2, 4, 8, 9, 12, 13); with 
two funct ions , excluding the exac t one (Runs 3, 7, 14); with t h r e e t r i a l 
functions (Runs 5, 10, 15). 

TABtE 111.A.2. Boundary Condition Test 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

* 

Boundary 

Conditions 

0' = 0 

0" = 0 

0' = 0 

0' = 0 

0' = 0 

D0' + 30 =0 

D0' + a0 = 0 

D0' + ap = 0 

00' + 30 = 0 

D0' + 30 = 0 

0 ' 0 

0 = 0 

0 • 0 

0 • 0 

0 • 0 

Trial 
Function 

No 

Yes 

Ves 

No 

Ves 

No 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Luco, v . . Boundary Con 

Trial 
I Function 2 

Yes 

Yes 

No 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

d i t ions i n V a r i 

Trial 
Function 3 

No 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

No 

No 

Yes 

Ves 

Yes 

ational Flux 

k 

1.210)63 

1.210463 

1.192213 

1.210163 

1,210163 

0.683971 

0.683633 

0.683972 

0.683973 

0683973 

0586208 

gross errors 

gross errors 

gross errors 

0.586128 

Synthesis, 

Ak 

-10-8 

- 1 0 - ' 

1.8 X 10-2 

-10-8 

-10-8 

-2.7 X lO"" 

6.1 X 10-* 

2.7 X 10-1 

2.7 X 10-" 

2.7 X 10-" 

2,2 X 10-" 

-
-
-

3.1 X 10-" 

Bl 

- 1 0 " 

-1014 

- lO lO 

-
-2 X ifi 

- 1 X 10^ 

- 1 X 10^ 

-
-
-

- l x l 0 2 

ANL-7510 (1969). 

«2 

-
-
-
-

.1010 

-
-
-
-

1 X Iff 

-
-
-

- 1 X l o ' 

Observations 

Two Inexact 
t r ia l functions 

Two inexact 

t r ia l functions 
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Two s y n t h e s i s r e g i o n s w e r e def ined, but the s a m e s e t 
was u s e d in both. When us ing the exac t t r i a l function a lone the r e s u l t 
should be exac t in k and in the f luxes . This is not so for b o u n d a r y cond i ­
t ions o t h e r than 0' = 0, due to d i s c r e p a n c i e s in the n u m e r i c a l t r e a t m e n t 
be tween D I F F 2 D and SYNID. 

In t h o s e c a s e s when the exac t t r i a l function is among 
the se t u s e d , the code should r e j e c t the o t h e r s . The p a r a m e t e r s R] and Rj 
in the t a b l e a r e a m e a s u r e of th is r e j e c t i o n . They a r e defined as typ ica l 
v a l u e s of the r a t i o of mix ing function for exac t so lu t ion over mix ing func­
t ion for the nonexac t func t ions . 

The c a s e s for 0„ = 0 with two t r i a l functions gave 
g r o s s l y m i s t a k e n r e s u l t s , and the amoun t of r e j e c t i o n in C a s e 15 with 
t h r e e t r i a l funct ions is p e r h a p s too low. T h e s e di f f icul t ies a r e p r e s e n t l y 
u n d e r s tudy . 

Runs 3 and 7 a r e i n t e r e s t i n g . H e r e the code was able 
to c o m b i n e two c l e a r l y i n a p p r o p r i a t e funct ions in such a way as to give 
s m a l l e r r o r s in k and fa i r ly a c c e p t a b l e fltixes. 

2. N u c l e a r D a t a - - R e s e a r c h and D e v e l o p m e n t 

a. D e t e r m i n a t i o n of N u c l e a r C o n s t a n t s 

(i) F a s t - n e u t r o n C r o s s Sec t ions and O t h e r N u c l e a r C o n s t a n t s 
(A. B. Smi th) 

L a s t R e p o r t e d : A N L - 7 5 8 1 , pp . •87-88 (June 1969). 

(a) F a s t - n e u t r o n Tota l and S c a t t e r i n g C r o s s Sec t ions of 
B i s rnu th .* To ta l n e u t r o n c r o s s s e c t i o n s of b i s m u t h have been m e a s u r e d 
with r e s o l u t i o n s of SI keV over the e n e r g y r a n g e f rom 0.2 to 1.4 MeV. 
Di f fe ren t i a l e l a s t i c - s c a t t e r i n g c r o s s s e c t i o n s w e r e a l so d e t e r m i n e d at 
i n t e r v a l s of < 50 keV f rom 0.3 to 1.5 MeV with r e s o l u t i o n s of ~20 keV ( see 
F ig . I I I . A . l ) . The i n e l a s t i c n e u t r o n exc i t a t ion of a s t a t e at 896 + 1 keV was 

'?j)jKt>;rwf»»ii>ii|i'>iffl"'>'''t*^1 
- BNL-325 CTT 
. 4NL-55GT. (TT (SCAT 1 
- KFK-IOOO. Oy 

Fig. III.A.l. The Total Neutron and Differential Elastic-
scattering Cross Sections of Bismuth 

*This work was in cooperation with the staff of the Pelindaba Laboratory South African Atomic Energy 
Board. Transvaal, Republic of South Africa. 
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o b s e r v e d and the r e s p e c t i v e d i f f e ren t i a l exc i t a t ion c r o s s s e c t i o n s d e t e r ­
m i n e d with inc iden t r e s o l u t i o n s of ~10 keV. P a r t i a l l y r e s o l v e d r e s o n a n c e 
s t r u c t u r e was evident in al l the m e a s u r e d v a l u e s . The e x p e r i m e n t a l r e ­
s u l t s w e r e a s s a y e d for p o s s i b l e i n t e r m e d i a t e s t r u c t u r e , and w e r e c o m ­
p a r e d with the r e s u l t s of op t i ca l m o d e l and s t a t i s t i c a l c a l c u l a t i o n s . The 
m o d e l ca l cu l a t i ons w e r e cognizan t of the f luc tua t ion and c o r r e l a t i o n of 
c o m p o u n d - n u c l e u s r e s o n a n c e widths and of the she l l c l o s u r e at N = 126. 

(b) Inves t iga t ion of L o w - e x c i t a t i o n S t a t e s in '^As by the 
A s ( n , n ' 7 ) R e a c t i o n s . The e n e r g i e s and r e l a t i v e i n t e n s i t i e s of g a m m a 

r a y s p r o d u c e d by the i n e l a s t i c s c a t t e r i n g of m o n o e n e r g e t i c n e u t r o n s f rom 
an a r s e n i c s a m p l e wrere m e a s u r e d at s e v e r a l i n c i d e n t - n e u t r o n e n e r g i e s 
below 1500 keV with a 7 . 2 - c m ' Ge(Li) d e t e c t o r p laced at 90° to the inc ident 
neu t ron b e a m . Background m e a s u r e m e n t s w e r e a l so m a d e at each neu t ron 
e n e r g y us ing a c a r b o n s c a t t e r e r in p lace of the a r s e n i c s a m p l e . Shielding 
and f a s t - c o i n c i d e n c e c i r c u i t r y w e r e employed to r e d u c e backg round p r o b ­
l e m s . The gated p u l s e - h e i g h t s p e c t r a w e r e r e c o r d e d in a 512 -channe l 
a n a l y z e r . P r o t o n s f rom a pulsed Van de Graaff a c c e l e r a t o r w e r e bunched 
by a Mobley m a g n e t and focused on a t a r g e t of l i t h ium e v a p o r a t e d onto a 
t a n t a l u m backing to p roduce nanosecond b u r s t s of n e u t r o n s v ia the 
' L i ( p , n ) ' B e r e a c t i o n . A leve l s c h e m e for '^As h a s been deduced f rom the 
o b s e r v e d t r a n s i t i o n s , and has been c o m p a r e d with r e s u l t s f rom C o u l o m b -
exc i t a t ion m e a s u r e m e n t s of ^^As* and s tud ies of the decay of '^Se** and 
'^Ge. t 

This work r e p r e s e n t s the in i t ia l r e s u l t s of a c o m p r e ­
h e n s i v e s tudy of ( n , n ' y ) p r o c e s s e s . 

(c) F a s t Neu t rons Incident on H o l m i u m . To ta l neu t ron , 
e l a s t i c - and i n e l a s t i c - s c a t t e r i n g c r o s s s ec t i ons of n a t u r a l h o l m i u m w e r e 
s tud ied (see F ig . I II .A.2) . The to ta l neu t ron c r o s s s e c t i o n s w e r e m e a s u r e d 
f rom 0.1 to 1.5 MeV with r e s o l u t i o n s of <5 keV and p r e c i s i o n s o f - 1 % . Dif­
f e ren t i a l e l a s t i c - and i n e l a s t i c - s c a t t e r i n g c r o s s s e c t i o n s w e r e d e t e r m i n e d 

: Ho 

,M0NO Hj 

1 TOF aj 

- TOTAL SCAT. 

av, BNL-325''^ 

E„, keV 

Fig. III.A.2. Total Neutron Cross Section and Total Scattering Cross 
Section for Holmium Compared with the Total Cross 
Section Determined by Time-;of-flight Measurement 

'Robinson, R. L., et al̂ ., Nucl. Phys. A104, 401 (1967). 
''Raeside, D. E., et al̂ ., Nucl. Phys. A130, 677 (1969). 
''Ng. Anne,£t al̂ ., Phys. Rev. 176, 1329 (1968). 
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for i n c i d e n t n e u t r o n e n e r g i e s of 0.3 to 1.5 MeV. The i n e l a s t i c n e u t r o n ex ­
c i t a t i o n of 14 s t a t e s in h o l m i u m was o b s e r v e d and the r e s p e c t i v e c r o s s 
s e c t i o n s m e a s u r e d . The e x p e r i m e n t a l r e s u l t s have been c o n s i d e r e d in the 
con tex t of: the op t i ca l m o d e l , d i r e c t r e a c t i o n p r o c e s s e s , s t a t i s t i c a l con ­
c e p t s , p a r t i c u l a r l y wi th r e s p e c t to f luc tua t ions and c o r r e l a t i o n s in compound-
nucleus r e s o n a n c e s t r u c t u r e , and in t e r m s of the unif ied n u c l e a r m o d e l . * 

Th i s s tudy is p a r t i c u l a r l y of i n t e r e s t in the con tex t of 
s c a t t e r i n g f r o m h e a v y d e f o r m e d nuc le i . The f i s s i l e , f e r t i l e , and heavy 
f i s s i o n - p r o d u c t nuc le i h a v e such c h a r a c t e r i s t i c d e f o r m a t i o n . 

b . R e a c t o r Code C e n t e r (M. B u t l e r ) 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp. 102-103 (Oct 1969). 

T h r e e c o d e - c o n v e r s i o n r o u t i n e s w e r e p r e p a r e d to p e r m i t the 
C e n t e r to p r o c e s s t a p e s con ta in ing p r o g r a m c o n t r i b u t i o n s r e c e i v e d f r o m 
G e n e r a l E l e c t r i c Advanced P r o d u c t s O p e r a t i o n and Knol ls A t o m i c P o w e r 
L a b o r a t o r y . T h e s e r o u t i n e s t r a n s l a t e into BCD ( b i n a r y - c o d e d - d e c i m a l ) 
f r o m GE IMCV c o d e , CDC d i s p l a y code , or the UNIVAC f i e l d - d a t a c h a r ­
a c t e r s e t . 

In add i t ion , five p r o g r a m s w e r e i n c o r p o r a t e d into the l i b r a r y . 
Two of t h e s e w e r e r e v i s i o n s r e p l a c i n g the ex i s t ing F L A N G E - 1 and GASKET 
p r o g r a m s (ACC N o s . 247 and 263 , r e s p e c t i v e l y ) . Gulf G e n e r a l A t o m i c s u p ­
p l ied t h e s e UNIVAC 1108 v e r s i o n s , which a r e p r o g r a m m e d in F O R T R A N V. 
The d o c u m e n t a t i o n for the new F L A N G E - 1 , which , l ike i t s p r e d e c e s s o r , 
c o m p u t e s n e u t r o n - s c a t t e r i n g k e r n e l s for a l a r g e c l a s s of m o d e r a t o r s f r o m 
the s c a t t e r i n g l aw d e t e r m i n e d by GASKET, is not yet a v a i l a b l e . The new 
v e r s i o n of GASKET i n c l u d e s the opt ion s e l e c t i n g the diffusive or B r o w n i a n 
m o t i o n m o d e r a t h e r than the f r e e - g a s m o d e . 

The t h r e e new p r o g r a m s a s s i m i l a t e d inc lude the K A P L 
DATATRAN S y s t e m d e s i g n e d for the CDC-6600 (ACC No. 386), the ORNL 
CITATION p r o g r a m w r i t t e n for the I B M - 3 6 0 (ACC No. 387), and the J a p a n 
A t o m i c E n e r g y R e s e a r c h I n s t i t u t e E P S I L O N code for the I B M - 7 0 9 0 
(ENEA No. E171) . 

D A T A T R A N is a d a t a - h a n d l i n g l a n g u a g e d e v e l o p e d for the K A P L 
m o d u l a r s y s t e m of l a r g e r e l a t e d r e a c t o r c o m p u t e r p r o g r a m s . It i s w r i t t e n 
in the F O R T R A N and COMPASS l a n g u a g e s , and the c u r r e n t d i s t r i b u t i o n i s 
by m e a n s of a CDC EDITSYM file wi th a s m a l l BCD m o d i f i c a t i o n p a c k a g e . 
In th i s f o r m it i s r e s t r i c t e d to u s e on a 6600 s y s t e m . 

CITATION is a n u c l e a r r e a c t o r c o r e a n a l y s i s code for one to 
t h r e e s p a t i a l d i m e n s i o n s . It i s d e s i g n e d for u s e on e i t h e r an IBM 3 6 0 / 9 1 

*Mottelson. B., and Nilsson, S., Kgl. Danslre Vidensl<. Selslr. Mat.-fys. Sltr. 1, No. 8 (1959). 
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or an IBM 360 /75 with bulk c o r e s t o r a g e . A m i n i m u m of 300,000 d i r e c t l y 
a d d r e s s a b l e w o r d s of m e m o r y is r e q u i r e d for p r o g r a m execu t ion . 

The J a p a n e s e code EPSILON was w r i t t e n in FORTRAN 2 to 
compute f a s t - f i s s i o n effects in m u l t i r e g i o n l a t t i c e s of c y l i n d r i c a l r o d s and 
s l abs by the co l l i s ion p r o b a b i l i t y me thod . A m a x i m u m of 100 e n e r g y g roups 
is p e r m i t t e d . 

B. R e a c t o r F u e l s and M a t e r i a l s D e v e l o p m e n t 

1. F u e l s and Claddings - - R e s e a r c h and D e v e l o p m e n t 

a. Behav io r of R e a c t o r M a t e r i a l s 

E x p e r i m e n t a l S tud ies of Swell ing M e c h a n i s m s and Gas 
R e l e a s e in Fuel M a t e r i a l s 

(a) I n t e r a c t i o n s be tween Gas Bubbles and Moving G r a i n 
B o u n d a r i e s (S. R. Pa t i ) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , p. 92 (Aug 1969). 

I n t e r a c t i o n be tween g r a i n b o u n d a r i e s and gas bubbles 
p lays an i m p o r t a n t ro le in the nuc lea t ion , c o a l e s c e n c e , and s u b s e q u e n t 
m i g r a t i o n behav io r of gas bubbles and voids in fuel m a t e r i a l s . In m e t a l l i c 
and c a r b i d e fuels , in p a r t i c u l a r , it is expec ted tha t the i n t e r a c t i o n be tween 
moving g r a i n b o u n d a r i e s and i n e r t - g a s bubbles has a s t r o n g inf luence on 
the r a t e of f i s s i o n - g a s r e l e a s e b e c a u s e of the r e l a t i v e l y s m a l l t h e r m a l 
g r a d i e n t in t h e s e fuels dur ing i r r a d i a t i o n . Work on the i n t e r a c t i o n be tween 
moving g r a i n b o u n d a r i e s and he l i um bubbles in s ing le c r y s t a l s of coppe r 
h a s shown that the i n t e r a c t i o n is s t rong enough to c a u s e sweep ing of the 
gas bubbles by the moving g r a i n b o u n d a r i e s . Sweeping m e a s u r e m e n t s have 

been comple t ed at two annea l ing t e m p e r a ­
t u r e s , 950 and 990°C. D e t a i l s of the e x p e r i ­
m e n t a l t echn ique have been d e s c r i b e d in 
ANL-7606 . F i g u r e I I I .B . l shows the effect 
of anneal ing t i m e on the width of the bubb le -
f ree r eg ion behind the moving g r a i n bounda ry 
at each anneal ing t e m p e r a t u r e . The points in 
F ig . I I I .B. l have been connec t ed by so l id l ines 
with a s lope of 1/2, which s u g g e s t s that the 
b u b b l e - f r e e band width x i n c r e a s e s with 
t i m e t as 

ANNEALING TIME, mi. 

Fig. I I I .B. l 

Variation in the Bubble-free Band Width 
as a Function of Annealing Time at the 
Annealing Temperatures 

x^ = At, 

w h e r e A is a cons tan t . It is ev ident f r o m the 
e x p e r i m e n t a l points tha t a p p r e c i a b l e dev ia t ion 
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f r o m the a s s u m e d p a r a b o l i c t i m e d e p e n d e n c e o c c u r s , e s p e c i a l l y at l o n g e r 
a n n e a l i n g t i m e s . T h i s d i s c r e p a n c y could a r i s e f r o m the c o a r s e n i n g of 
h e l i u m b u b b l e s on the g r a i n b o u n d a r i e s . 

A p a r a b o l i c d e p e n d e n c e of swept band wid th wi th a n ­
n e a l i n g t i m e h a s been o b s e r v e d in the d r a g g i n g of oxide i n c l u s i o n s t h r o u g h 
a m e t a l m a t r i x ; * the s a m e k i n e t i c s m i g h t be e x p e c t e d for i n e r t - g a s - b u b b l e 
d r a g g i n g . Add i t i ona l e x p e r i m e n t a l da t a a r e n e c e s s a r y to e s t a b l i s h the t i m e 
d e p e n d e n c e m o r e p r e c i s e l y . The k i n e t i c s of bubble d r agg ing a r e being 
s t u d i e d a t o t h e r a n n e a l i n g t e m p e r a t u r e s in o r d e r to d e t e r m i n e the a c t i v a ­
t ion e n e r g y a s s o c i a t e d wi th the d r agg ing p r o c e s s and to e s t a b l i s h the 
d r a g g i n g m e c h a n i s m . 

(b) T h e r m a l - g r a d i e n t M i g r a t i o n of Bubbles and P o r e s 
(D. R. O 'Boyle ) 

(1) Su r f ace Diffusion in U r a n i u m Dioxide 
( P . W. Maiya ) 

Not p r e v i o u s l y r e p o r t e d . 

Su r f ace -d i f fu s ion s t u d i e s have been i n i t i a t e d on 
s ing le c r y s t a l s of UO2 g r o w n by a f loating zone t e c h n i q u e . * * T h r e e s p e c i ­
m e n s (-7 by 7 by 7 m m ) w e r e p r e p a r e d f r o m a l a r g e c r y s t a l , w i th two 
p a r a l l e l s u r f a c e s o r i e n t e d p a r a l l e l to the (100), ( l l O ) , and (111) p l a n e s . 
The s u r f a c e s , d e t e r m i n e d by X - r a y b a c k - r e f l e c t i o n t e c h n i q u e s , w e r e 
wi th in ±1° f r o m the spec i f i ed o r i e n t a t i o n s , and the X - r a y d i f f rac t ion spo t s 
i n d i c a t e d a h igh d e g r e e of c r y s t a l p e r f e c t i o n . The a n a l y s i s of a s p e c i m e n 
i n d i c a t e d tha t the c o n c e n t r a t i o n s of h y d r o g e n , c a r b o n , n i t r o g e n , and oxygen 
w e r e 19, 12, 11 p p m , and 11.97 w t % , r e s p e c t i v e l y . 

A s e r i e s of s i n u s o i d a l p r o f i l e s of p e r i o d i c i t y r a n g ­
ing f r o m 5 to 40 ^ w e r e p r o d u c e d on the p o l i s h e d c r y s t a l s u r f a c e s by a 
pho toe t ch ing t e c h n i q u e . t B r i e f l y , the m e t h o d c o n s i s t s of f o rming an i m a g e 
of a d i f f r a c t i o n - g r a t i n g r e p l i c a on a c r y s t a l s u r f a c e coa t ed wi th a thin l a y e r 
of p h o t o r e s i s t - e m u l s i o n , fol lowed by s e l e c t i v e e t ch ing . S a t i s f a c t o r y e tch ing 
of s i n u s o i d a l p r o f i l e s on UO^ w a s a c c o m p l i s h e d by us ing a so lu t ion d e s c r i b e d 
by Manley ."^ The r a t e of d i s s o l u t i o n of UO2 w a s a p p r o x i m a t e l y 2 /.i/min 
w h i l e the c r y s t a l w a s s t a t i o n a r y in the so lu t ion . E tch ing t i m e s w e r e t y p i ­
ca l l y on the o r d e r of 15-45 s e c . 

It should be no ted tha t the in i t i a l a s - e t c h e d p ro f i l e 
n e e d not be p u r e l y s i n u s o i d a l , s i n c e the p ro f i l e a s s u m e s the s i n u s o i d a l s h a p e 

*Ashby, M. F., and Centamore, R. M. A., The Dragging of Small Oxide Particles by Migrating Grain 
Boundaries in Copper, Acta Met. 16, 1081 (1968). 

••obtained from G. W. Clark and J. C. Wilson, Oak Ridge National Laboratory. 
*Maiya, P. S., and Blakely, I. M., Appl. Phys. Letters J, 60 (1965) 

++Manley. A. J., J. Nucl. Mater. W, 143(1965). 
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a t e l e v a t e d t e m p e r a t u r e s d u e t o t h e r a p i d d e c a y of h a r m o n i c s a b o v e t h e 

f u n d a m e n t a l . A t y p i c a l s i n u s o i d a l p r o f i l e p r o d u c e d o n t h e ( 1 0 0 ) p l a n e of 

UO^ i s s h o w n i n F i g . I I I . B . 2 . T h e a m p l i t u d e of t h e 

s i n u s o i d a l p r o f i l e d e c r e a s e d e x p o n e n t i a l l y w i t h 

t i m e d u r i n g t h e i s o t h e r m a l a n n e a l i n g t r e a t m e n t , i n 

a c c o r d a n c e w i t h t h e t h e o r y of s u r f a c e s m o o t h i n g 

d e v e l o p e d b y M u U i n s . * T h e s u r f a c e - d i f f u s i o n c o ­

e f f i c i e n t i s d e t e r m i n e d f r o m t h e r e l a x a t i o n t i m e s 

a s s o c i a t e d w i t h t h e d e c a y of t h e s i n u s o i d a l p r o f i l e s . 

T h e e f f e c t of p r o f i l e s p a c i n g o n t h e r e l a x a t i o n p r o c ­

e s s i s b e i n g i n v e s t i g a t e d o n t h e l o w - i n d e x p l a n e s of 

UO2 i n o r d e r t o o b t a i n q u a n t i t a t i v e i n f o r m a t i o n on 

t h e a n i s o t r o p y of s u r f a c e d i f f u s i v i t y a n d s u r f a c e 

f r e e e n e r g y i n t h e t e m p e r a t u r e r a n g e f r o m 1600 t o 

2 1 0 0 ° C . 

(c ) D e v e l o p m e n t of T e m p e r a t u r e - g r a d i e n t 

V a c u u m F u r n a c e (R. O . M e y e r ) 

Fig. m.B.2 

Sinusoidal Surface Profile on 
the (100) Planeof UO2, 7.86-Vi 
Wavelength. Specimen was 
annealed at 1660°C for 16 hr 
in a helium atmosphere 
(one fringe corresponds to a 
change in height of 0.27 P). 

a g o o d t e m p e r a t u r e - g 

p r o d u c i n g v e r y s t e e p 

N o t p r e v i o u s l y r e p o r t e d . 

A p r o g r a m h a s b e e n i n i t i a t e d t o o b t a i n 

m e a s u r e m e n t s o u t of p i l e i n o r d e r t o d e t e r m i n e 

m i g r a t i o n of g a s b u b b l e s i n s t e e p t e m p e r a t u r e 

g r a d i e n t s . T h e s e m e a s u r e m e n t s r e q u i r e s p e c i a l 

h i g h - t e m p e r a t u r e e q u i p m e n t t h a t i s n o t c o m m e r ­

c i a l l y a v a i l a b l e ; i n p a r t i c u l a r , t h e s u c c e s s of t h i s 

t h e r m o m i g r a t i o n p r o g r a m d e p e n d s u p o n d e s i g n i n g 

r a d i e n t v a c u u m f u r n a c e . A n a p p a r a t u s c a p a b l e of 

t e m p e r a t u r e g r a d i e n t s w i l l b e d e s c r i b e d . 

A n i n i t i a l s u r v e y of a n u m b e r of t h e r i - n a l - g r a d i e n t 

f u r n a c e s d e s c r i b e d i n t h e l i t e r a t u r e a n d i n s p e c t i o n of t w o d e s i g n s r e v e a l e d 

s e v e r a l p r o b l e m a r e a s . F i r s t , t h e a b i l i t y t o a c h i e v e t e m p e r a t u r e r a p i d l y 

i s d e s i r a b l e b e c a u s e g a s b u b b l e s m o v e v e r y r a p i d l y ( u p t o s e v e r a l t h o u ­

s a n d a n g s t r o m s p e r s e c o n d i n g r a d i e n t s of 1 0 0 0 ° C / c m ) a n d , t h e r e f o r e , 

s h o r t a n n e a l s m a y b e r e q u i r e d . R e s i s t a n c e h e a t i n g d o e s n o t a p p e a r t o 

g i v e a d e q u a t e h e a t i n g r a t e s . E r r o r s a s l a r g e a s 2 5 % w e r e r e p o r t e d b y 

W e a v e r * * b e c a u s e h e w a s u n a b l e t o h e a t s p e c i m e n s t o t e m p e r a t u r e r a p i d l y . 

S e c o n d , m o l y b d e n u m f r o m f u r n a c e p a r t s h a s c a u s e d t h e d o w n f a l l of s e v e r a l 

d i f f u s i o n e x p e r i m e n t s i n UN^" a n d Ni,f^ a n d b o t h of t h e s e m a t e r i a l s a r e l i k e l y 

t o f ind t h e i r w a y i n t o o u r a p p a r a t u s . F i n a l l y , s u f f i c i e n t t o t a l p o w e r m u s t b e 

*MulUns, W. W., "Solid Surface Morphologies Governed by Capillarity," Metal Surfaces: Structure, Ener-
getics, and Kinetics, American Society for Metals (1963). 

** Weaver, S. C , ORNL-TM-2016 (1967). 
TReimann, D. K., Oak Ridge National Laboratory, private communication. 

ttMock, Willis, Ir., Thesis, University of Illinois (1968). 
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available. It was possible to estimate that Weaver 's and Mock's heat losses 
were between 400 and 800 W in excess of heat flow through their specimens. 
For 3/8- in . -dia UO, in a gradient of 1000°C/cm, this heat flow is only -20 W. 
For a good conductor, such as copper, it is about 2.5 kW. 

With these considerations in mind, power from an rf 
induction generator was chosen. Induction heating has the advantage of 
generating heat in the part desired (the tungsten heat conductor discussed 
later) without the necessity of heat t ransfer from a resis tance-heated ele­
ment. By virtue of this property, the heating process is very rapid. A 
5-kW unit was selected as the smallest size practical. Molybdenum was 
not used for any furnace parts in order to avoid sample contamination. 
Several design considerations were found to be crit ical . Close rf coupling 
to the tungsten heat conductor was necessary. A loosely wound, 4-turn 
coil was completely inadequate, but our tightly wound, 10-turn coil with a 
l /8 - in . gap works quite well. Also, the AI2O3 insulating cylinder between 
the coil and the tungsten heat conductor not only keeps the copper coil 
clean, but also reduces total heat loss by more than a factor of two by 
reducing heat t ransfer to the water-cooled copper coil. 

During initial tests of the apparatus, the highest gra­
dient achieved was l600°C/cm in Type 304 stainless steel. Stainless steel 
(thermal conductivity k = 0.24 W/cm-°C) requires greater heat flow for a 
given gradient than does UO^ (k = 0.030 W/cm-°C) and, therefore, provides 
a better test than an insulator would. This gradient was measured with two 
Pt-Rh alloy thermocouples threaded through small holes in the stainless 
steel. The hottest end of this stainless steel specimen was about 1285°C, 
and the rf generator power setting was 50%. 

High-temperature operation has been tested using 
AI2O3 samples (k = 0.086 W/cm-°C). The maximum furnace temperature 
( temperature in tungsten heat conductor) achieved to date has been approxi­
mately 1800°C with a power setting of 70%. Higher temperatures were not 
attempted due to thermocouple failure around 1800°C. 

The tests achieving a furnace temperature of 1800°C 
and a gradient of 1600°C/cm do not demonstrate the maximum capability 
of the apparatus. They do demonstrate the ability to perform the experi-
nnents that are planned. 

With the AI2O3 samples , heat flow by conduction through 
the AI2O3 was always small (<100 W). Neglecting this flow, heat loss in the 
furnace was pr imari ly due to radiation from the tungsten heat conductor. 
This heat loss is a fundamental property of the furnace and can be measured 
from cooling curves ( temperature versus time). The rate of heat loss can 
be written as 

dQ dQ dT 



w h e r e d T / d t is ob ta ined f rom the cool ing c u r v e , and for 1 g of m a t e r i a l 

dQ 
dT = "• 

w h e r e c is the spec i f ic hea t . T h u s , the r a t e of hea t l o s s f rom the tungs t en 
hea t conduc tor of m a s s m is 
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Fig. III.B.S. Furnace Heat Loss (excluding conduc­
tion through sample) vs Temperature 
of Tungsten Heat Conductor 
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F i g u r e III .B.3 shows the a v e r a g e d r e ­
sul t of such ca l cu l a t i ons for s even 
cooling c u r v e s s t a r t i n g at v a r i o u s 
t e m p e r a t u r e s be tween 1000 and 1750°C. 
The power r e q u i r e d to o p e r a t e the fur­
nace at a g iven t e m p e r a t u r e and p r o ­
ducing a given g r a d i e n t in a s a m p l e 
will be given by the s u m of a n u m b e r 
f rom this g r a p h and the h e a t flux 
th rough the s a m p l e . H e a t l o s s e s (see 
F ig . III .B.3) a r e about as expec ted , 
i . e . , 400-800 W at high t e m p e r a t u r e s . 

It is p lanned to beg in s tud ies 
on the m i g r a t i o n of s i n t e r p o r e s in 

UO2 in the nea r future and to follow with s tud ies of the m i g r a t i o n of 
c y c l o t r o n - i n j e c t e d he l i um gas bubbles in UO2. 

(d) S o l i d - f i s s i o n - p r o d u c t Swell ing (A. E. Dwight and 
D. R. O 'Boyle) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 94 -95 (Aug 1969). 

P r e v i o u s work (see P r o g r e s s R e p o r t for A p r i l -
May 1969, A N L - 7 5 7 7 , pp. 143-144) has shown that the c r y s t a l s t r u c t u r e 
of the white m e t a l l i c i nc lus ions fo rmed in m i x e d - o x i d e fuel i r r a d i a t e d in 
a f a s t - n e u t r o n flux is hexagona l , b a s e d upon the Mo -Rh eps i lon p h a s e . 
Subsequen t work ind ica ted comple t e sol id so lub i l i ty be tween the e p h a s e 
and r u t h e n i u m as wel l as the extent of the e p h a s e in the M o - R u - R h t e r ­
n a r y s y s t e m at 20 and 40 at . % r u t h e n i u m . Data w e r e obta ined by X - r a y 
d i f f rac t ion of a r c - m e l t e d a l loys annea led at 1140°C. 

X - r a y d i f f rac t ion s tud ies of addi t iona l a l loys have 
r e s u l t e d in an i s o t h e r m a l sec t ion (1140°C) th rough the M o - R u - R h s y s t e m 
(see Fig . III .B.4). The c i r c l e s r e p r e s e n t the c o m p o s i t i o n s of the a l loys 
examined . The s ing le p h a s e e field and the t w o - p h a s e Mo + e field 
occupy the l a r g e s t p a r t of the d i a g r a m . The ex t ens ive c o m p o s i t i o n r a n g e 
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o SINGLE PHASE 

© TWO PHASE 

Fig. III.B.4. Mo-Ru-Rh Isotherm at 1140°C 

of the e p h a s e and the w o r k of 
D a r b y et a l . * i nd i ca t e that the e 
p h a s e should exhib i t so lub i l i ty for 
s m a l l a m o u n t s of t e c h n e t i u m and 
p a l l a d i u m , as has been o b s e r v e d . 

The amount of f i s s i o n - p r o d u c t 
m o l y b d e n u m that is ava i l ab l e as an 
a l loying e l e m e n t to f o r m i n c l u s i o n s 
in m i x e d - o x i d e fuel v a r i e s with the 
s t o i c h i o m e t r y of the fuel. In a hypo­
s t o i c h i o m e t r i c oxide s y s t e m , none 
of the m o l y b d e n u m is expec ted to be 
oxidized to M0O2 and the m o l y b d e n u m 
content of the inc lus ions wil l be about 
45 wt % b a s e d on the f i s s ion y ie ld of 

Mo, T c , Ru , Rh, and Pd. H o w e v e r , in a h y p e r s t o i c h i o m e t r i c fuel s y s t e m , 
the e x c e s s oxygen is expec t ed to ox id ize al l of the m o l y b d e n u m to M0O2 so 
that none is a v a i l a b l e to a l loy with the Tc , Ru, Rh, and Pd . Rand and 
M a r k i n * * h a v e e s t i m a t e d that the c r i t i c a l s t o i c h i o m e t r i e s for the in i t i a l 
and to ta l ox ida t ion of m o l y b d e n u m to M0O2 a r e 1.957 and 1.985, r e s p e c ­
t ive ly . R e f e r r i n g to F i g . I I I .B .4 , t h e s e two condi t ions c o r r e s p o n d to the 
a v e r a g e c o m p o s i t i o n of the m e t a l l i c f i s s i o n - p r o d u c t p h a s e that l i e s n e a r 
the e s ide of the Mo + e t w o - p h a s e f ield, and to the compos i t i on of the 
f i s s i o n - p r o d u c t p h a s e that l i e s along the R u - R h s ide of the t e r n a r y s y s t e m 
n e a r 10 wt % r h o d i u m . T h u s , over a l m o s t the e n t i r e r a n g e of fuel s t o i c h i ­
o m e t r i e s in m i x e d - o x i d e fuel , the s econd l o n g - p e r i o d f i s s i o n - p r o d u c t e l e ­
m e n t s wi l l f o r m a c l o s e - p a c k e d hexagona l phase (e in F ig . I I I .B.4) . The 
second p h a s e tha t m a y a l s o f o r m is bcc m o l y b d e n u m with a s m a l l amoun t 
of r u t h e n i u m and r h o d i u m in so l id so lu t ion . 

(ii) M e t a l l i c F u e l 

(a) P h a s e S tudies (D. R. O 'Boyle ) 

Not p r e v i o u s l y r e p o r t e d . 

To e s t a b l i s h the p h a s e s in e q u i l i b r i u m in the u r a n i u m 
c o r n e r of the u r a n i u m - p l u t o n i u m - z i r c o n i u m s y s t e m , a s e r i e s of h i g h - p u r i t y 
b i n a r y u r a n i u m - p l u t o n i u m and t e r n a r y u r a n i u m - p l u t o n i u m - z i r c o n i u m a l loys 
that have a p l u t o n i u m - t o - u r a n i u m r a t i o of 1:4 w e r e p r e p a r e d by a r c m e l t i n g 
the p u r e e l e m e n t s . Fo l lowing h o m o g e n i z a t i o n at a p p r o x i m a t e l y 1000°C in 

*Darby, 1. B., Lam, D. J., Norton, L. J., and Downey, J. W., Intermediate Phases in Binary Systems of 
Technetium-99 with Several Transition Eleinents, 1. Less-Common Metals £, 558-563(1962). 

**Rand, M. H., and Markin, T. L., Some Thermodynamic Aspects of (U,Pu)02 Solid Solutions and Their 
Use as Nuclear FueU, Proc. Vienna Symp., Thermodynamics of Nuclear Materials (1967). 
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the g a m m a s i n g l e - p h a s e r e g i o n , 27 s p e c i m e n s of five d i f fe ren t t e r n a r y 
a l loys w e r e i s o t h e r m a l l y annea led in evacua t ed q u a r t z tubes at t e m p e r a ­
t u r e s be tween 590 and 700°C for a suff ic ient length of t i m e (up to 170 days ) 
to al low the p h a s e s to g r o w to a s i z e that could be a c c u r a t e l y a n a l y z e d with 
the m i c r o p r o b e . E a c h s p e c i m e n was e x a m i n e d m e t a l l o g r a p h i c a l l y , and the 
c o m p o s i t i o n s of the p h a s e s in e q u i l i b r i u m w e r e d e t e r m i n e d by m e a n s of 
point counts and m e c h a n i c a l s c a n s . All m e a s u r e d i n t ens i t y r a t i o s w e r e 
c o r r e c t e d for a b s o r p t i o n , f l u o r e s c e n c e , and a t o m i c - n u m b e r effects by 
us ing a modif ied v e r s i o n of the Magic II c o m p u t e r p r o g r a m of G r a y . * 

The a l loys annea led at the h i g h e s t t e m p e r a t u r e (700''C) 
w e r e found to con ta in only the bcc g a m m a p h a s e . D i l a t o m e t r i c m e a s u r e ­
m e n t s have e s t a b l i s h e d that the g a m m a p h a s e is s t a b l e ove r a wide r a n g e 
of t e m p e r a t u r e s up to a p p r o x i m a t e l y 1100°C. F i g u r e I I I .B.5 shows that the 

g a m m a so lvus t e m p e r a t u r e d e c r e a s e s 
r ap id ly nea r the U - Z r and U - P u b i ­
n a r y s ide s of the s y s t e m , sweeps 
rap id ly over the c e n t r a l p a r t of the 
s y s t e m , and then pul ls back to the 
p lu ton ium c o r n e r . The open c i r c l e s 
r e p r e s e n t the c o m p o s i t i o n s of the 
g a m m a p h a s e , as d e t e r m i n e d by 
m i c r o p r o b e a n a l y s i s . 

Al loys annea l ed in the t e m ­
p e r a t u r e r a n g e f rom 590 to 670°C 
w e r e g e n e r a l l y t w o - p h a s e and con­
s i s t e d of z e t a - u r a n i u m - p l u t o n i u m 
and g a m m a . The extent of the ze ta 
and g a m m a s i n g l e - p h a s e r e g i o n s is 
shown in the i sop le th th rough the 
t e r n a r y s y s t e m (see F i g . I I I .B.6) . 

Fig. 111.8.5. Uranium-Plutonium-Zirconium 
Gamma-phase Solid Solution De­
composition Temperatures 

An i m p u r i t y p h a s e commonly o b s e r v e d in c o m m e r c i a l -
pur i ty u r a n i u m - p l u t o n i u m - z i r c o n i u m a l loys was p r e v i o u s l y ident i f ied as 
o x y g e n - s t a b i l i z e d a lpha z i r c o n i u m that conta ins s o m e u r a n i u m and p lu to ­
n ium in sol id so lu t ion . The so l id so lubi l i ty of u r a n i u m and p lu ton ium in 
the a l p h a - z i r c o n i u m phase was m e a s u r e d in a l loys annea led at t e m p e r a ­
t u r e s be tween 3 50 and 1100°C (see Fig . I I I .B.7) . The m a x i m u m so l id 
so lub i l i ty over th is t e m p e r a t u r e r ange is 3.8 wt % for u r a n i u m and 
2.4 wt % for p lu ton ium. 

*Gray, L. I., X-ray Mass Absorption Coefficients and Quantitative Microanalysis of Metallurgical Systems, 
Including Refractory Metal-Interstitial Compounds, Ph.D. Thesis, University of Illinois (1969). 
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PLUTONIUM, « l% 

Fig. III.B.6. 

b . 

Section througli the Uranium-
Plutonium-Zirconium Ternary 
System at Pu/U = 1/4. Phases 
in equilibrium studied in alloys 
with <60 at. % zirconium. 

Fig. III.B.7. Solid Solubility of Uranium and 
Plutonium in Oxygen-stabilized 
Alpha Zirconium 

C h e m i s t r y of I r r a d i a t e d Fue l s (C. E. C r o u t h a m e l ) 

(i) P o s t i r r a d i a t i o n S tudies of R e a c t o r F u e l s and Cladding 

L a s t R e p o r t e d : A N L - 7 6 0 6 , pp. 96-97 (Aug 1969). 

E l e c t r o n m i c r o p r o b e s t u d i e s of two v i b r a t o r i l y c o m p a c t e d 
u r a n i u m - p l u t o n i u m c a r b i d e fuel p ins (UC-20 wt % PuC) a r e cont inuing. One 
of the fuel p ins (SMV-1) was clad with Type 316 s t a i n l e s s s t e e l and had b e e n 
i r r a d i a t e d in E B R - I I to 2.6 at . % b u r n u p ; the second pin (SMV-2) was clad 
wi th Type 304 s t a i n l e s s s t e e l and had been i r r a d i a t e d in EBR- I I to 6.9 at . % 
b u r n u p . The fue l - c l add ing i n t e r a c t i o n s o b s e r v e d in both fuel pins w e r e d i s ­
c u s s e d p r e v i o u s l y ( see ANL-7606) . 

Both the UC and PuC f rac t ions of the o r ig ina l fuel m a t e r i a l 
w e r e h y p e r s t o i c h i o m e t r i c , the UC conta in ing UC2 and the PuC conta in ing 
PU2C3. The a v e r a g e p a r t i c l e s i z e of the PuC was <44 ^ m and tha t of the 
UC was 500-1700 jum. P o s t i r r a d i a t i o n m e t a l l o g r a p h i c e x a m i n a t i o n showed 
that the p h y s i c a l c h a r a c t e r i s t i c s of the fuel m a t e r i a l had not been a l t e r e d 
a p p r e c i a b l y du r ing i r r a d i a t i o n : the UC was p r e s e n t as l a r g e , d i s c r e t e p a r ­
t i c l e s , and the PuC as a finely d iv ided , porous m a t e r i a l . 

P r e l i m i n a r y s t u d i e s have been conducted to d e t e r m i n e the 
d i s t r i b u t i o n of f i s s ion p r o d u c t s in the SMV-2 fuel pin. S p e c t r a l p ro f i l e s 
t a k e n of the h o m o g e n e o u s u r a n i u m c a r b i d e p a r t i c l e s r e v e a l e d d e t e c t a b l e 
q u a n t i t i e s of z i r c o n i u m and m o l y b d e n u m . Typ ica l p a r t i c l e s ( a v e r a g e s i z e , 
-700 y.m) l oca t ed n e a r the c e n t e r and p e r i p h e r y of the fuel w e r e e x a m i n e d 
for t h e s e e l e m e n t s . No c o n c e n t r a t i o n d i f f e rence was o b s e r v e d for e i t h e r 
e l e m e n t s as a function of ( l ) l oca t ion wi thin a given p a r t i c l e or (2) loca t ion 
of the p a r t i c l e wi th in the fuel pin. 
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Examination of the uranium carbide phase also indicated 
the presence of xenon, but this finding must be considered tentative until 
further confirmation is obtained. Several difficulties are associated with 
the positive identification of xenon by electron microprobe analysis: 
(1) the concentration of xenon in the fuel is low and (2) accurate experi­
mental data on the wavelength of the xenon L X-ray lines a re not available. 
At present , an attempt is being made to prepare a xenon standard that is 
suitable for microprobe analysis. The technique being used is the high-
energy impaction of xenon atoms into a substrate metal such as aluminum. 
(Xenon samples prepared by this technique have been reported to remain 
fixed for long periods of time.) If this technique proves to be adaptable to 
microprobe studies, it should provide a means of establishing accurate 
values for the wavelengths of the xenon L X-ray l ines. 

Spectral analysis of the porous plutonium carbide phase 
indicated the presence of neodymium, palladium, and cesium. The cesium 
was observed throughout the plutonium carbide in localized concentrations. 
This is in contrast to the behavior of cesium in oxide fuels, where cesium 
is found pr imari ly in the cooler zones (i.e., near the cladding) of the fuel. 

Further studies of the distribution of fission products in 
the carbide fuels are in progress . 

c. Thermodynamics of Fuel Materials 

(i) Total Vapor P re s su re s and Carbon Potentials in the Ter-
na ryU-C-Pu System (P. E. Blackburn and M. Tetenbaum) 

Last Reported: ANL-7606, pp. 97-98 (Aug 1969). 

The study of the vaporization behavior of the uranium-
carbon system is continuing. Measurements of the total p ressu re of 
uranium-bearing species and carbon activity are being made as a function 
of temperature and UC^ compositions, using the transpirat ion method with 
hydrogen-methane mixtures as ca r r i e r gases. Emphasis has been placed 
on measuring carbon activities in the uranium-carbon system; these meas­
urements will ultimately be extended to plutonium carbides. Plans are also 
in progress to investigate the effect of oxygen contamination in the U-C sys­
tem; in particular, the influence of oxygen on carbon activity will be 
investigated. 

Estimates of the activity of uranium at various UCx com­
positions can be made from AGy values derived from our carbon activity 
measurements (see Progress Report for April-May 1969, ANL-7577, 
pp. 149-151) and the application of the G'ibbs-Duhem equation in the form 
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,AGc(UCx) 

AGu(UCx) - AGu(UC,.„o) = 

AGc(UC,.oo) 

Nc 
Nu 

dAGr 

The s t a n d a r d f ree e n e r g y of f o rma t ion of UCioo "^^s e s t i m a t e d f r o m the 
h e a t of f o r m a t i o n of UC, QO 3-nd the a p p r o p r i a t e f ree e n e r g y funct ions . 

F o r AHf298(UCi,oo), we u s e d the r e ­
cent va lue of -23 .2 + 1 k c a l / m o l 
obta ined by S t o r m s and H u b e r * by 
m e a n s of c o m b u s t i o n c a l o r i m e t r y . 
The r e s u l t s a r e s u m m a r i z e d in 
F ig . I I I .B .8 . In g e n e r a l , the c a l c u ­
la ted u r a n i u m ac t iv i ty v a l u e s a r e 
in good a g r e e m e n t with v a l u e s b a s e d 
on S t o r m s * * ad jus ted v a p o r p r e s s u r e 
va lue s for UCjj and 126.3 k c a l / m o l 

0011— \ y — ^ —I as the hea t of v a p o r i z a t i o n of 
u r a n i u m . ' 

It should be noted tha t the 
s h a p e s of the c a l c u l a t e d c u r v e s 
shown in F ig . III .B.S a r e c o n s i s t e n t 
with e x p e c t a t i o n s , n a m e l y , a s h a r p 
i n c r e a s e in u r a n i u m ac t iv i ty n e a r 
the s t o i c h i o m e t r i c c o m p o s i t i o n as 
the c o m p o s i t i o n of the condensed 
p h a s e is r e d u c e d t o w a r d the l o w e r 
p h a s e boi indary , U( i ) -I- UC(s ) , in 
the h y p o s t o i c h i o m e t r i c r eg ion . 

- I 

1 

-

\ ^^ .^ 2^55'K 

\ V _ 2355-K 

\ 1 V 2255°K 

\ ^ 2I55"K 

1 1 

1 1 

^ - V s . • 

^ \ 

1 1 

-

-

" 

-

Fig. III.B.8 Uranium Activities Derived from 
Gibbs-Duhem Integration of 
Carbon Activity 

O x i d e F u e l S t u d i e s 

( i ) O x i d e - f u e l S w e l l i n g M e c h a n i s m s a n d M o d e l s 

(R . B . P o e p p e l ) 

L a s t R e p o r t e d : A N L - 7 5 9 5 , p p . 9 1 - 9 2 ( J u l y 1 9 6 9 ) . 

A r i g o r o u s d e r i v a t i o n of t h e c o u n t i n g p r o c e d u r e p r e v i o u s l y 

d e s c r i b e d h a s b e e n d e v e l o p e d . T h e c o u n t i n g p r o c e d u r e u s e s t h e f o r m u l a 

n 

^ f ( n ) f ( s ) X N a v ( s ) x P ( s , n ) / [ N a v ( n + 1 ) - N a v ( n ) ] 
s =1 

(1) 

•storms, E. K., and Huber, E. J., J. Nucl. Mater. 23, 19(1967). 
••s torms, E, K.. The Refractory Carbides, Academic Press, New York, New York (1967), Ch. XI, p. 205. 

•••Ackermann, R. J., and Rauh. E. G., J. Phys. Chem. 73, 769(1969). 
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for the rate of growth of fission-gas bubbles from the size range (n)th to 
the (n+ l)tli, where 

n^" size range is defined as all bubbles that contain be­
tween m'^"' and m " - 1 inclusive gas atoms; 

m is an integer >2; 

f(n) is the number of bubbles in the n^^ size range (per 
unit mass of fuel); 

Nav(n) is the average number of gas atoms in bubbles of 
the n*̂ "̂  range; 

P(s,n) is the probability that a bubble in the nth range will 
coalesce with a bubble in the s ' " range. 

The formula was derived using a conservation condition on the number of 
gas atoms. 

Equation (l) may be derived by summing coalescence prob­
ability over all pairs of bubbles, interchanging the order of the sums and 
making appropriate approximations. The distribution function f*(i) must be 
defined on the bubble size space; f*(i) is the number of bubbles that contain 
i gas atoms. The functions f(n) and Nav(n) may now be redefined: 

m i - i 

f(n) = Y f*(i) (2) 

and 

N av n) EE Y if*(i)/f(n). (3) 

These definitions are consistent with the verbal ones used above. 

If j is the size of a gas bubble in the (n - 1 )th range, then 
coalescence of a bubble of size i with one of size j - i, where i and j - i 
are both less than m ° , will produce a new bubble in the (n+ l)th range. 
The total number of bubbles produced of size j is determined by summing 
the coalescence probability P(i, j - i) over all such pa i rs . Each pair must 
be counted only once, and the summations are different depending on 
whether j is odd or even. 

Since m " - 1 is the size of the largest bubble not in the 
(n+l) t range, the largest j considered is 2(mn- 1). The total number of 



1 0 5 

b u b b l e s g rowing into the (n+ l ) th r a n g e is ob ta ined by s u m m i n g o v e r j 
f r o m m " to 2 ( m " - 1), i . e . , 

2 m " - 2 r i = (i/2)j 

^ < Y, f * ( i ) f * ( j - i ) p ( i , j - i ) j even 

j = m " U = j - ( m n - i ) 

(i/2)(j-i) ^ 

^ f* ( i ) f* ( j - i ) p ( i , j - i ) j odd I. (4) 

i = j - ( m n - i ) J 

If the o r d e r of the s u m m a t i o n s a r e i n t e r c h a n g e d , Eq. (4) b e c o m e s 

( i /2)m" m " + i - i 

^ f*(i) ^ f * ( j - i ) p ( i , j - i ) 

1=1 j = m " 

m " - i m " + i - i 

+ Y, f*(i) Y f * ( J - i ) p ( i . J - l ) . (5) 
i={i/2)m"+i j=2i 

The d i s t r i b u t i o n funct ion f^( ) on i can be r e l a t e d to the d i s t r i b u t i o n f( ) on 
n by f( ) = i*{ ) d i / d n . ' The d e r i v a t i v e d i / d n m a y be a p p r o x i m a t e d ove r 
the r a n g e of the s e c o n d s u m in the f i r s t t e r m by Nav( ' i + 1) " Nav(")- If the 
c o a l e s c e n c e p r o b a b i l i t y is a l s o c o n s i d e r e d to be a c o n s t a n t of the s u m , 
Eq. (5) b e c o m e s 

Y f*( i )p( i ,n) i f (n) j / (Nav(n•^) - Nav(n) 

( i /2)m" m " + i - i 

1) PU, J - 1) 

i=m J=m 

m " - i m ^ + i - i 

+ Y. ^*''' Z f*0)p(i.J-i)-
i = ( i / 2 ) m " + i j=2i 

(6) 

''"Cramer, Harald, Mathematical Methods of Statistics, Princeton University Press (1946), p. 292. 
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The s u m o v e r i i s t hen p a r t i t i o n e d into s u m s o v e r r a n g e s s wi th p( i ,n) 
a v e r a g e d for each r a n g e : 

/ m - i m ^ - ' \ 
{ Y, P(s ,n) f (n) X if*(i) / ( N a v ( n - H ) - Nav(n) 
\ s = i i = m S - ' / 

+ P(n ,n ) f2 (n)Nav(n) / (Nav(n-H) - Nav(n) . (7) 

The s u b s t i t u t i o n in the l a s t t e r m m a y be c o n s i d e r e d a def in i t ion for P (n ,n ) . 
If Eq . (2) IS u s e d in Eq. (7) the r e s u l t i s 

£ P(s ,n) f (n)Nav(s) f (s ) 
s - i 

N a v ( n - H ) - Nav(n) 
(8) 

E x p r e s s i o n (8) i s the s a m e as tha t d e r i v e d by the m e t h o d 
us ing c o n s e r v a t i o n of gas a t o m s . It is the b a s i s for a c o m p u t e r p r o g r a m ' 
tha t i s now being w r i t t e n to c a l c u l a t e b u b b l e - s i z e d i s t r i b u t i o n in m i x e d -
oxide fue ls . 

(ii) F u e l Swel l ing S tudies (L. C. M i c h e l s and G. M. D r a g e l ) 

L a s t R e p o r t e d : A N L - 7 5 9 5 , p . 1 (July 1969). 

A t echn ique for the p r e p a r a t i o n of t w o - s t a g e r e p l i c a s h a s 
b e e n deve loped to e x a m i n e oxide fuels in the e l e c t r o n m i c r o s c o p e . This is 
a modi f ied v e r s i o n of a t echn ique p r e v i o u s l y u s e d at ANL to e x a m i n e i r r a ­
d ia ted c a r b i d e fue ls . t t 

The in i t i a l s t eps in the p r e p a r a t i o n of the r e p l i c a s a r e 
c a r r i e d out r e m o t e l y in the M e t a l l u r g y Div i s ion A l p h a - G a m m a hot c e l l . 
I r r a d i a t e d oxide fuel s p e c i m e n s tha t have been g r o u n d , p o l i s h e d , and 
e tched a r e u sed . P l a s t i c r e p l i c a s of the s u r f a c e of the s p e c i m e n a r e 
m a d e by p lac ing ace ty l c e l l u lo se t a p e , sof tened wi th a c e t o n e , in con t ac t 
wi th the fuel. Af ter h a r d e n i n g , the t ape i s s t r i p p e d f r o m the s p e c i m e n 
and g iven an in i t i a l c l ean ing in the hot ce l l to r e m o v e as m a n y a d h e r i n g 
b i t s of fuel as p o s s i b l e . The p l a s t i c t ape is a l t e r n a t e l y d ipped in an ac id 
so lu t ion in m e t h y l a lcohol and in a d e t e r g e n t - w a t e r so lu t ion , both of which 
a r e in an u l t r a s o n i c c l e a n e r . The p l a s t i c r e p l i c a is then t r a n s f e r r e d f r o m 
the hot ce l l to a fume hood, w h e r e addi t iona l c lean ing s t e p s a r e c a r r i e d out 
unt i l a and j3-7 ac t iv i ty is r e d u c e d to a m i n i m u m . 

Li. Che-Yu, Pati, S. R., Poeppel, R. B., Scattergood, R. O., and Weeks, R. W., Some Considerations of the 
Behavior of Fission Gas Bubbles in Mixed-oxide Fuels, to be presented at the Winter ANS Meeting, San 
Francisco, November/December 1969. 

1 + Yoon, Y. K., Watanabe, H., and Kittel, J. H., Plutonium as a Reactor Fuel, IAEA, Vienna, 1967, p. 455. 
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Following cleaning, the plastic replica is flattened by 
heating between two glass slides at a temperature not exceeding 70''C. The 
plastic replica is then placed in a vacuum evaporator and shadowed with 
Pt-20% Pd at a 30° shadow angle, followed by a vertical deposition of car­
bon. A layer of melted paraffin is then applied to the shadowed and carbon-
coated plastic replica. The purpose of the paraffin coating is to provide 
support for the fragile platinum-palladium-carbon replica during dissolu­
tion of the plastic. The plastic expands during dissolution and without the 
paraffin support the replica would be destroyed. 

Small pieces (approximately I / I6 in. by I / I 6 in.) are cut 
from the paraffin-coated replica and are attached (using acetone), plastic 
side down, to the 0.125-in.-dia copper grids. Several of the mounted 
specimens are placed in a wire-mesh basket and introduced into a reflux 
condenser, where the plastic tape is slowly dissolved in condensing ace­
tone vapor. The paraffin also is dissolved in condensing xylene vapor in 
the reflux condenser. The platinum-palladium-carbon replica remains on 
the copper grid. Acetone vapor was used as the final cleaning step in the 
reflux condenser. The replicas are ready for examination in the electron 
microscope. The activity at this stage has been reduced to 200-300 dpm a 
(fixed) and 0.1-0.3 mR/hr fi-y total for three to five specimens. 

This technique has been used to prepare replicas of 
metallographic sections from fuel element SOV-6. The fuel in this element 
consisted of vibratorily compacted Dynapak particles of (U,Pu)02. The 
specimen examined was a t ransverse section taken from the midplane of 

the fuel column. The burnup achieved 
was 2.7 at. %, and the fuel surface and 
centerlijie operating temperatures 
were calculated to be 865 and 2565°C, 
respectively. 

The most important observa­
tion was of what appears to be sub-
grain boundaries in the equiaxed 
grains and in the transition region 
between the equiaxed and columnar 
grains. These subgrain boundaries 
are shown in Fig. III.B.9, and, in 
the lower portion of the figure, a 
grain boundary is evident, along 
which large gas bubbles have col­
lected. Many small bubbles and 
some larger gas bubbles and inclu­
sions lie along the subgrain bound­
aries indicating that they are efficient 
trapping sites for fission gases. 
Some of these boundaries are bowed 
(see Fig. III.B.9, A and B), suggesting 

. * • • 
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t 
Fig. III.B.9. Replica Electron Micrograph of an 

Area in the Columnar-to-cquiaxed 
Grain Transition Region of Ele­
ment SOV-6. The center of the 
element is to the upper right. 
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either that the boundaries are migrating or that the associated large bubbles 
or inclusions are moving and dragging the boundary. It is difficult to estab­
lish which movement is occurring because the temperature gradient in the 
fuel is perpendicular to either migration. If the subgrain boundaries are 
migrating, this could be a mechanism for sweeping fission gas bubbles to 
grain boundaries. In either event, the trapping of gas bubbles on the sub-
grain boundaries would have to be considered in calculating release rates 
of fission gases. 

(iii) Fuel-element Performance (L. A. Neimark, F. L. Brown, 
W. F. Murphy, and H. V. Rhude) 

(a) Examination of Group 0-2 Fuel Elements 

Last Reported: ANL-7632, pp. 109-110 (Oct 1969). 

Analysis of the fission gas recovered from the plenum 
of SOV-1 showed that the mixed-oxide fuel in this element (irradiated in 
EBR-II) had released 57% of the fission gas generated, based on an est i­
mated maximum burnup of 5.0 at. %. This gas release was comparable to 
the release from the same fuel material irradiated in a companion element 
to 3.6 at. % burnup at 6% higher initial operating power. Table III.B.l sum­
marizes the design parameters , operating conditions, and the results of 
dimensional inspections and fission-gas release measurements for the 
three stainless steel-clad elements in Group 0-2 . 

T A B L E I I I . B . l . S u m m a r y of G r o u p 0 - 2 T y p e 304 S t a i n l e s s S t e e l - c l a d F u e l E l e m e n t s 

M a x H e a t F u e l S m e a r M a x D i a m e t e r L e n g t h V o l u m e G a s 
B u r n u p G e n e r a t i o n D e n s i t y I n c r e a s e I n c r e a s e I n c r e a s e R e l e a s e 

E l e m e n t (a t . %) (kW/ f t ) (%) (%) (%) (%) (%) 

S O V - 1 
S O V - 3 
S O V - 7 

5.0 
3,7 
3.6 

2 0 . 1 , 1 9 . 5 * 
2 1 . 4 
21 ,3 

80 
83 
85 

0 .61 
0 .40 
0 .40 

0 .16 
0 .08 
0 .09 

0 .82 
0 .67 
0 .62 

57 

-
61 

^ S e c o n d b u r n u p i n c r e m e n t of 1.4 a t . %. 

Metallographic examination of SOV-1 continued with 
the etched sections. The etchant was 8 parts 30% H2O2 and 2 parts concen­
trated H2SO4. Etching was by immersion at room temperature. Evident in 
the etched microstructure of the columnar grain region were what appeared 
to be bubble trails indicating movement of spherical bubbles to the central 
void (see Fig. III.B. 10). These bubble trai ls were observed at all elevations 
in the fuel column. Etching first revealed trai ls near the outer boundary of 
the columnar grain region; additional etching was required to develop the 
trails in the microstructure closer to the center of the fuel. Adjacent to 
the central void the trai ls appeared short and fainter, even though etching 
was prolonged for several hours. 
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E v i d e n c e of f u e l - c l a d d i n g 

i n t e r a c t i o n s w a s found a l o n g t h e 

l e n g t h of t h e e l e m e n t b u t m a i n l y 

i n t h e u p p e r ha l f . T h i s a t t a c k i s 

b e l i e v e d t o b e b y i o d i n e , w i t h t h e 

r e s u l t a n t r e m o v a l of g r a i n -

b o u n d a r y m a t e r i a l a s i o d i d e s . 

T h e c a l c u l a t e d c l a d d i n g - i n t e r f a c e 

t e m p e r a t u r e a t w h i c h t h i s a t t a c k 

b e c a m e a p p a r e n t w a s 5 5 0 ° C . T h e 

m a x i m u m d e p t h of a t t a c k f o u n d b y 

o p t i c a l m e t a l l o g r a p h y w a s 8 .8 m i l s , 

h a l f w a y b e t w e e n t h e m i d l e n g t h a n d 

t h e t o p of t h e fue l c o l u m n , w h e r e 

t h e c a l c u l a t e d t e i n p e r a t u r e w a s 

5 9 0 ° C , t h e m a x i m u m c l a d d i n g t e m ­

p e r a t u r e o b t a i n e d in t h e e l e m e n t . 

G r a i n - b o u n d a r y c a r b i d e 

p r e c i p i t a t i o n , p r e v i o u s l y o b s e r v e d 

i n t h e s t a i n l e s s s t e e l c l a d d i n g of 

G r o u p 0 - 2 e l e m e n t s a f t e r 3 .6 a t . % 

b u r n u p , w a s a g a i n f o u n d i n S O V - 1 

a f t e r 5.0 a t . %, b u t i n no m o r e 

m a r k e d d e g r e e . C l a d d i n g - h a r d n e s s i n c r e a s e s w e r e t h e s a m e a s p r e v i o u s l y 

o b s e r v e d a f t e r 3 .6 a t . % b u r n u p - - f r o m 2 5 t o 5 6 % h i g h e r t h a n t h e p r e i r r a ­

d i a t i o n v a l u e of 1 7 4 D P H - - w i t h t h e l a r g e s t i n c r e a s e o c c u r r i n g i n t h e c o o l e r 

o p e r a t i n g r e g i o n n e a r t h e b o t t o m of t h e e l e m e n t . 

150X 

Bubble Trails in Columnar Grain Ad­
jacent to the Central Void (top) near 
the Top End of SOV-1 

(b) P r e p a r a t i o n of G r o u p 0 - 3 F u e l E l e m e n t s 

L a s t R e p o r t e d : A N L - 7 6 3 2 , p . 110 ( O c t 1 9 6 9 ) . 

E i g h t e e n e n c a p s u l a t e d m i x e d - o x i d e f u e l e l e m e n t s of 

G r o u p 0 - 3 h a v e p a s s e d a l l i n s p e c t i o n s c a l l e d f o r i n t h e q u a l i t y a s s u r a n c e 

p l a n a n d w e r e a c c e p t e d f o r i r r a d i a t i o n b y t h e e x p e r i m e n t e r . T h e c a p s u l e s 

h a v e b e e n s h i p p e d t o I d a h o f o r l o a d i n g i n t o E B R - I I S u b a s s e m b l y X 0 7 2 , 

w h i c h i s s c h e d u l e d f o r i r r a d i a t i o n b e g i n n i n g w i t h R u n 3 9 . A s u m m a r y of 

t h e d e s i g n v a r i a b l e s i n t h e 18 G r o u p 0 - 3 fue l e l e m e n t s i s g i v e n in 

T a b l e I I 1 . B . 2 . 

A n i n e t e e n t h c a p s u l e , t o c o m p l e t e t h e c o m p l e m e n t of 

t h e 1 9 - c a p s u l e M a r k - A s u b a s s e m b l y , i s i n p r e p a r a t i o n . T h i s c a p s u l e w i l l 

c o n t a i n a s p e c i m e n of T y p e 3 1 6 s t a i n l e s s s t e e l t u b i n g f r o m t h e s a m e b a t c h 

a s t h a t o f t h e c l a d d i n g o n f o u r of t h e f u e l e d G r o u p 0 - 3 e l e m e n t s . T h i s 

t u b i n g w i l l p r o v i d e c o n t r o l s p e c i m e n s f o r p o s t i r r a d i a t i o n m e c h a n i c a l p r o p ­

e r t y t e s t s o n t h e e l e m e n t c l a d d i n g t o a s s e s s t h e e f f e c t s of f u e l - c l a d d i n g 

c h e m i c a l i n t e r a c t i o n s . 
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T A B L E I I I .B .2 . S u m m a r y of the A s - l o a d e d G r o u p 0 - 3 F u e l E l e m e n t s 

C a p s u l e 
Iden t i f i ca t ion 

A S O P C - 1 
A S O P C - 2 
A S O P C - 3 
A S O P C - 4 
A S O P C - 5 
A S O P C - 6 
A S O P C - 7 
ASOPC-B 
ASOPC-9 
ASOPC-10 

ASOV-14 
ASOV-15 
ASOV-16 

ASOVG-17 
ASOVG-18 
ASOVG-19 
ASOVG-20 
ASOVG-21 

F u e l 
Type 

P e l l e t * 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 
P e l l e t 

Dynapake 

Dynapak 
Dynapak 

S o l - g e l d 
S o l - g e l 
So l -ge l 
S o l - g e l 
S o l - g e l 

S t a i n l e s s 
S tee l 

Cladding 

Type 304 
Type 304 
Type 304 
Type 304 
Type 304 
Type 304 
Type 316 
Type 316 
Type 318 
Type 318 

Type 304 
Type 304 
Type 304 

Type 304 
Type 304 
Type 316 
Type 316 
Type 318 

Cladding 
D i m e n s i o n s 

OD/ ID 
(in.) 

0 . 290 /0 .260 
0 . 2 9 0 / 0 . 2 6 0 
0 .290 /0 .250 
0 .290 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 

0 .290 /0 .250 
0 .290 /0 .250 
0 .290 /0 .250 

0 .290 /0 .260 
0 .289 /0 .260 
0 .289 /0 .260 
0 .290 /0 .260 
0 .290 /0 .260 

F u e l 
Leng th 

(in.) 

12.16 
12.19 
12.16 
12.16 
12,08 
12,01 
11.93 
11.97 
12.19 
11.94 

12.00 
12,00 
12,00 

12.00 
12.00 
12.00 
12.00 
12.00 

P e l l e t 
D i a m e t e r 

(in.) 

0,256 
0,256 
0,256 
0.256 
0,246 
0.246 
0.257 
0.257 
0.256 
0.257 

-
-
-
-
-
-
-
-

A v e r a g e 
S m e a r 

D e n s i t y 
(% T.D.)b 

79.8 
79.6 
82 .5 
82.4 
76.8 
76.8 
83.0 
82.9 
82.4 
82.4 

79.7 
79.5 
80.2 

79.7 
79.5 
79.3 
79 .4 
80.1 

Max S m e a r 
D e n s i t y 

(% T .D . ) ' ' 

80.2 
80.4 
83.9 
83.6 
77.4 
77.4 
85.0 
85,3 
83,6 
84.9 

-
-
-
-
-
-
-
-

*Solid so lu t ion p e l l e t s of (UogPug.aJO;. 
^ T h e o r e t i c a l d e n s i t y , 11.07 g / cm^ . 
^So l -ge l m i c r o s p h e r e s , v i b r a t o r i l y c o m p a c t e d (Uo.gPuo.zlO^. 

Dynapak powde r , v i b r a t o r i l y c o m p a c t e d (Uo 8Puo_2)02. 

(c) O u t - o f - r e a c t o r S imu la t i on E x p e r i m e n t s 

Not p r e v i o u s l y r e p o r t e d . 

The m e c h a n i c a l i n t e r a c t i o n be tween fuel and cladding 
in the f o r m of h o m o g e n e o u s and nonhomogeneous s t r e s s e s is be l i eved to 
be one of the m a j o r c a u s e s of f u e l - e l e m e n t f a i l u r e . O u t - o f - r e a c t o r ex­
p e r i m e n t s to s tudy spec i f i c a s p e c t s of f u e l - e l e m e n t b e h a v i o r a r e being 
u n d e r t a k e n to u n d e r s t a n d t h e s e m e c h a n i c a l i n t e r a c t i o n s b e t t e r , and to aid 
in developing ana ly t i ca l m o d e l s of fue l -c ladd ing m e c h a n i c a l i n t e r a c t i o n s 
that can be used in c o m p u t e r codes to p r e d i c t f u e l - e l e m e n t l i f e t i m e . P h e ­
nomena to be i nves t i ga t ed a r e c ladding r idg ing , ajcial and r a d i a l r a t c h e t i n g 
on t h e r m a l cyc l ing , loca l i n t e r a c t i o n s be tween c r a c k e d fuel and c ladding , 
and d r y - s l u m p i n g of the fuel. 

A mockup of a h i g h - t e m p e r a t u r e fu rnace tha t i n c o r ­
p o r a t e s a tungs ten hea t ing e l e m e n t for i n t e r n a l , ax ia l hea t ing of a fuel 
co lumn h a s been bui l t and t e s t e d . Da ta f rom t h e s e t e s t s a r e being u s e d 
to f inal ize the des ign of a fu rnace su i t ab l e for t h e s e e x p e r i m e n t s . P r o ­
c u r e m e n t of annu la r fuel pe l l e t s and c ladding for the in i t i a l e x p e r i m e n t s 
has been in i t i a ted . 



I l l 

2. T e c h n i q u e s of F a b r i c a t i o n and T e s t i n g - - R e s e a r c h and D e v e l o p m e n t 

a. N o n d e s t r u c t i v e T e s t i n g R e s e a r c h and D e v e l o p m e n t (H. B e r g e r ) 

(i) L a s e r S tud ies and H o l o g r a p h y (N. F e r n e l i u s ) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp. 97-99 (Sept 1969). 

S o m e i n v e s t i g a t i o n s w e r e m a d e to a l l e v i a t e the p r o b l e m of 
r e p o s i t i o n i n g a d e v e l o p e d h o l o g r a m for r e a l - t i m e i n t e r f e r o m e t r i c s t u d i e s . 
S e v e r a l s a m p l e s of p h o t o c h r o m i c g l a s s w e r e ob ta ined f rom the Corn ing 
G l a s s r e s e a r c h l a b o r a t o r y . T h i s g l a s s d a r k e n s when exposed to u l t r a v i o l e t 
l ight and b l e a c h e s when exposed to r ed l ight . S ince it is i m m a t e r i a l w h e t h e r 
a h o l o g r a m is t a k e n wi th p o s i t i v e o r nega t ive f i lm, we hoped to b l e a c h out a 
h o l o g r a m on a p r o p e r l y d a r k e n e d g l a s s p l a t e . If th i s had been f e a s i b l e , a 
r e f e r e n c e h o l o g r a m for r e a l - t i m e i n t e r f e r o m e t r i c s t u d i e s that could have 
b e e n d e v e l o p e d m s i tu would have r e s u l t e d and both r e p o s i t i o n i n g and e m u l ­
s ion s h r i n k a g e p r o b l e m s w^ould have been avoided. 

S e v e r a l c r u c i a l d i f f icul t ies w e r e e n c o u n t e r e d : ( l ) the g l a s s 
s a m p l e could not be d a r k e n e d a p p r e c i a b l y with ex i s t ing s o u r c e s of u l t r a ­
v io l e t l igh t , (2) the d a r k e n i n g of p h o t o c h r o m i c g l a s s fades even when kept 
in the d a r k , and (3) the r e d - l i g h t i n t e n s i t i e s n e c e s s a r y for b l each ing w e r e 
s o m e w h a t g r e a t e r than expec t ed . 

S o m e s a m p l e s of g a m m a - i r r a d i a t e d g l a s s (>10 rad ) w e r e 
ob ta ined tha t w e r e l ight b r o w n in c o l o r . No d a r k e r c o l o r e d c e n t e r s w e r e 
p e r c e i v e d w h e n i r r a d i a t e d wi th ou r u l t r a v i o l e t s o u r c e . Some s a m p l e s of 
coba l t g l a s s tha t had b e e n i r r a d i a t e d with doseS >10^ to 10*' r ad w e r e t e s t e d . 
We w e r e u n a b l e to b l e a c h out the d a r k p u r p l e co lo r even though the g l a s s 
w a s i l l u m i n a t e d by a 2 0 - m W u n d i s p e r s e d H e - N e l a s e r b e a m for s e v e r a l 
d a y s . 

(ii) D e v e l o p m e n t of H i g h - t e m p e r a t u r e P i e z o e l e c t r i c T r a n s d u c e r s 
(R. H. S e i n e r ) 

L a s t R e p o r t e d : A N L - 7 5 9 5 , p. 102 (July 1969). 

A c i r c u m f e r e n t i a l butt weld in the C o r e Componen t s T e s t 
Loop ( C C T L ) was i n s p e c t e d * wi th a conven t iona l u l t r a s o n i c s h e a r - w a v e 
t e c h n i q u e . The c o l d - w e l d i n s p e c t i o n was conduc ted at r o o m t e m p e r a t u r e 
to d e t e r m i n e if any d i s c o n t i n u i t i e s e x i s t e d in th is h ighly s t r e s s e d weld. 
Two d i s c o n t i n u i t i e s wi th r e f l e c t i o n a m p l i t u d e s about 30 and 75% of tha t 
o b t a i n e d f r o m the s t a n d a r d r e f l e c t o r ( 2 . 3 8 - m m d i a m e t e r by 38 1 -mm long) 
w e r e d e t e c t e d . Cont inuous o r p e r i o d i c m o n i t o r i n g of the l a r g e s t d i s c o n t i n u i t y 

*In accordance with ASME Boiler and Pressure Vessel Code, Section III, Nuclear Vessels, Appendix IX, 
201-230 (1968). 
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with the test loop in operation is planned provided an ultrasonic t ransducer , 
which can operate up to 600°C, can be designed and manufactured. 

The shear-wave t ransducer used in the cold-weld inspection 
generated a 70° shear wave into the loop wall (Type 304 stainless steel) by 
mode converting a longitudinal wave from a plastic wedge (generally Lucite). 
A similar scheme can be utilized in a high- temperature t ransducer by r e ­
placing the Lucite wedge with one of fused silica. Because the longitudinal 
velocity is much higher in fused silica than Lucite, a suitable shear-wave 
angle (45° or higher) cannot be produced in stainless steel with a fused 
silica wedge angle approaching 90°. However, a fused silica wedge with 
an angle of 58° and with a shear-wave t ransducer will generate a 45° shear 
wave in stainless steel. A high-temperature t ransducer incorporating these 
features is being constructed. 

A high-temperature vacuum furnace facility (maximum 
operating temperature of 2400°C) is being assembled. When complete, this 
facility will increase our production capabilities of brazed acoustic sensors. 

Alternative techniques of attaching lithium niobate and other 
piezoelectric crystals to metals and other high-temperature mater ia ls are 
being investigated. A zirconia-base cement that has a maximum operating 
temperature of about 2200°C has been ordered and received. Experiments 
to determine the capabilities of this cement will be conducted. 

3. Engineering Proper t ies of Reactor Materials - -Resea rch 
and Development 

a. High Temperature Mechanical Proper t ies of Ceramic Fuels 

(i) Plast ic Yielding and Frac ture of Fuel Oxides 
(B. J. Wrona and J. T. A. Roberts) 

Not previously reported. 

An Instron Universal testing machine and high-temperature 
furnace, which were enclosed in an iner t -a tmosphere dry box, will be used 
to study the out-of-pile, shor t - t e rm, high-temperature mechanical proper­
ties of UO2-PUO2 compounds in four-point bending. The aim of this program 
is to investigate the influence of PuO^ on the mechanical propert ies of UO2 as 
a function of density, grain size, and stoichiometry. Initially, the composi­
tion will be UO2-20 wt % PUO2, which is the proposed starting fuel for the 
LMFBR ser ies . The mechanical-propert ies data are necessary input for 
the fuel-lifetime prediction codes. At tjie same t ime, it is hoped to eluci­
date flow and fracture mechanisms. 
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T e s t s p e c i m e n s w e r e f a b r i c a t e d as fo l lows. An i n t i m a t e 
m i x t u r e of UO2-2O wt % PuOj was a c h i e v e d by bal l mi l l ing with 0.5 wt % 
c a r b o w a x 4000 in ethyl a l coho l for 3 h r . After d r y i n g , the powder was 
p r e s s e d into s lugs at a p r e s s u r e of 6000 p s i , then the s lugs w e r e p u l v e r ­
i zed and p r e s s e d into b a r s at a p r e s s u r e of 12,000 ps i . The b a r s w e r e 
s i n t e r e d at a t e m p e r a t u r e of 1575°C in a flowing He-6% H2 a t m o s p h e r e for 
4 h r . Typ ica l d i m e n s i o n s of the s i n t e r e d b a r s w e r e 1.77 by 0.21 by 0.23 cm. 
The s i n t e r e d b a r s w e r e n e a r l y fully r e a c t e d , wi th an o x y g e n - t o - m e t a l r a t i o 
of 1.977, and w e r e 90% of t h e o r e t i c a l dens i t y . The g r a i n s i z e has not b e e n 
d e t e r m i n e d b e c a u s e a s u i t a b l e e t chan t h a s not been found. H o w e v e r , the 
g r a i n s i z e is p r o b a b l y s m a l l . 

Typ ica l l o a d - d e f l e c t i o n c u r v e s for s p e c i m e n s d e f o r m e d 
at a s t r a i n r a t e of 0 . 0 9 7 / h r a r e r e p r o d u c e d in F ig . I I I .B .11 . At 1000°C, 
c o m p l e t e l y b r i t t l e b e h a v i o r was o b s e r v e d . The two s p e c i m e n s t e s t e d so 
far fai led at s t r e s s e s of 941 and 1083 k g / c m ^ , and p o s s e s s e d Young 's 

modul i of 780,000 kg / cm^ (11.1 x 
lO*" 

^6 

Fig. III.B.ll. Load-deflection Curves at 
Four Temperatures 

psi) and 800,250 kg /cm^ (11.4 x 
10° ps i ) , r e s p e c t i v e l y . P l a s t i c d e ­
fo rma t ion was o b s e r v e d at 1400°C, 
and the e l a s t i c r eg ion was a l m o s t 
neg l ig ib le ; h o w e v e r , the s p e c i m e n s 
did fail af ter r e l a t i v e l y s m a l l d e ­
f l ec t ions . At 1500 and 1600°C the 
s p e c i m e n s t e s t e d w e r e c o m p l e t e l y 
p l a s t i c , and no e l a s t i c r eg i o n was 
de t ec t ed . The m a t e r i a l work h a r d ­
ened up to the m a x i m u m def lec t ion 
m e a s u r e d , wi thout f a i l u re . 

To ana lyze the l oad -de f l ec t i on c u r v e s , the Nada i* p r o c e ­
d u r e for the a n a l y s i s of a p l a s t i c a l l y bent b e a m was employed . The m a x i ­
m u m s t r e s s p a r a l l e l to the ou te r t ens ion and c o m p r e s s i o n s u r f a c e s of the 
bend s p e c i m e n is 

bh^ V 2 d 6 / 
(1) 

w h e r e a i s the d i s t a n c e be tween the inner and ou te r loading c o n t a c t s , b i s 
the s p e c i m e n wid th , h is the t h i c k n e s s , W is the t r a n s v e r s e load app l ied 
to the s p e c i m e n , and 6 is the to ta l t r a n s v e r s e def lec t ion ( e l a s t i c plus 
p l a s t i c ) of the s p e c i m e n be tween the inner c o n t a c t s . In the a b s e n c e of 
p l a s t i c i t y , Eq. ( l ) r e d u c e s to the convent ional f o r m u l a for the r u p t u r e 
m o d u l u s : 

M R = 3Wa/bh^ (2) 

for an e l a s t i c a l l y bent b e a m . 

*Nadai, A., Theory of the FIov< and Fracture of SoUds. McGrav/-Hill Book Co., Inc., New York (1950), p. 353. 
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All the da t a ob ta ined so far a r e s u m m a r i z e d in F i g . I I I .B. 12 
fo rm of plots of m a x i m u m s t r e s s and p l a s t i c s t r a i n v e r s u s t e m p e r a ­

t u r e . The b r i t t l e - d u c t i l e t r a n s i t i o n 
l i e s s o m e w h e r e in the 1000-1400°C 
t e m p e r a t u r e r a n g e . Th i s c o m p a r e s 
f avorab ly with the 1250°C t r a n s i t i o n 
t e m p e r a t u r e r e p o r t e d for a h ighe r 
d e n s i t y (97%) UO^ m a t e r i a l . * 

A m a t e r i a l d e f o r m i n g p l a s ­
t i c a l l y in the s t a i n - h a r d e n i n g r eg ion 
g e n e r a l l y obeys the s t r e s s - s t r a i n 
r e l a t i o n s h i p 

x(2.4) 

/ 
x(2-6) 

9O0 

TEMPERATURE 'C 
K e " , (3) 

Fig. ill.B. 12. Maximum Stress and Plastic Strain vs 
Temperature for All Specimens Tested 

v /here n i s the s t r a i n - h a r d e n i n g co­
efficient and K is the s t r e s s at e = 
1.0. In F i g . I I I .B .13 , log a v e r s u s 

log e is plot ted at t h r e e t e m p e r a t u r e s . S e v e r a l i n t e r e s t i n g f e a t u r e s 
e m e r g e . F i r s t , the l i n e a r p lots imp ly cont inuous work h a r d e n i n g ; at 1500 
and 1600°C th i s s t a r t s at the onse t of loading and con t inues for the d u r a t i o n 
of the t e s t , but at 1400°C a s m a l l amoun t of e l a s t i c i t y o c c u r s at e £ 0.00025. 
Second, the s lopes of the plots a r e a l m o s t i d e n t i c a l and equa l to 0 .489, 0.434, 
and 0.455 at 1400, 1500, and 1600°C, r e s p e c t i v e l y , which i s an ind ica t ion of 
a p p r o x i m a t e l y the s a m e coeff ic ient of s t r a i n h a r d e n i n g . F i n a l l y , the value 
of K i n c r e a s e s exponent ia l ly with d e c r e a s i n g t e m p e r a t u r e ( see F ig . I I I .B. 14) 

Fig. III.B.13. Plot of Log o vs Log E at 
Three Temperatures 

1500 1600 

TEMPERATURE 'C 

Fig. III.B.14. Plot of Logg K vs Temperature 

Beals, R. I., and Canon, R. F., ANL Report at 28th Meeting of High Temperature Fuels Committee, 
May 13-15, 1969. 
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Tentatively, these results permit writing an equation of 
deformation that excludes an elastic contribution for the temperature 
range 1400-1600°C. Thus, 

K e 0.459±0.022 

where 

K ( 2 8 . 8 3 - 0 . 0 1 4 T ) 

Therefore, 

Q _ g(28.83-0.014T)g0.459±0.022 

or 

a = 3.3 X ioi2e-''-°'^Tg0.459+o.o22_ 

At present , no firm conclusion can be drawn to explain 
this extensive plasticity, nor the mechanism involved. Deformation data 
on 90% dense UO2 are not available, but are being collected. This data 
will help to determine whether the additional porosity or the introduction 
of PUO2 is responsible for the change in deformation behavior that is 
observed in 97% dense UOj. 

http://28.83-0.014T
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C. Engineering Development--Research and Development 

1. Instrumentation and Control 

a. Boiling Detector (T. T. Anderson) 

Last Reported: ANL-7632, pp. 113-114 (Oct 1969). 

(i) Acoustic Method 

(a) Boiling-sodium Spectra in Sinnulated Reactor 
Geometries (T. T. Anderson) 

When sodium boiling is initiated in an LMFBR channel, 
increased resistance to flow caused by the sodium vapor would change the 
hydraulic character is t ics of the boiling channel relative to adjacent channels. 
A calculational procedure* has been developed to relate time-dependent 
p ressure drops to mass flowrate in t e rms of a "hydraulic impedance." 
Tests on a single-channel natural- or forced-convection boiling loop show 
the method to apply for (l) single-phase forced-convection flow, (2) two-
phase forced-convection flow, and (3) two-phase hydrodynamically unstable 
natural-convection flow. Conceptually, the method can be used to determine 
the interrelationship between sodium vapor and the perturbed flow in a fuel 
subassembly. 

(b) I r r a d i a t i o n and R e s i s t a n c e T e s t s of P i e z o e l e c t r i c and 
I n s u l a t o r M a t e r i a l s (T. T . A n d e r s o n and 
S. L . H a l v e r s o n ) 

A t h i r d i r r a d i a t i o n h a s been p e r f o r m e d wi th 1-2-MeV 
e l e c t r o n s on h i g h - p h a s e - m a t c h Y - c u t l i t h i u m n ioba te c l a m p e d in an e l e c ­
t r o m e c h a n i c a l t r a n s d u c e r a s s e m b l y ( tes t r ig H - 2 ) . T h e two p r e v i o u s t e s t s 
had focused on de tec t ing a c o u s t i c s i g n a l s in the p r e s e n c e of the ion iz ing 
r ad i a t i on ; th i s t e s t w a s c o n c e r n e d wi th m e a s u r i n g b a s i c c r y s t a l p r o p e r t i e s 
in the p r e s e n c e of the r a d i a t i o n . F o r th i s p u r p o s e , t r a n s d u c e r i m p e d a n c e 
was m e a s u r e d a t the r e s o n a n c e f r e q u e n c i e s of the c r y s t a l . A change in 
r e s o n a n c e p r o p e r t i e s could then be i n t e r p r e t e d a s a r a d i a t i o n - i n d u c e d effect 
in the c r y s t a l u n d e r i r r a d i a t i o n . C h a r g e and v o l t a g e output f r o m the c r y s ­
ta l w e r e m e a s u r e d for m e c h a n i c a l e x c i t a t i o n p r o v i d e d by an u l t r a s o n i c 
t r a n s d u c e r (O-l MHz, 0-5 MHz f r equency s c a n s ) . 

T h e s e da ta w e r e ob ta ined on X - Y r e c o r d e r s for con­
di t ions be fo re , du r ing , and af ter i r r a d i a t i o n . C o n v e r s i o n of the l a r g e quan­
tity of da ta to e l e c t r o m e c h a n i c a l c h a r a c t e r i s t i c s w a s m a d e diff icult by the 

Anderson, T. T., Hydraulic Impedance: A Tool for Predicting Boiling Loop Stability, (to be presented at 
the ANS Winter Meeting, San Francisco, Nov. 30-Dec. 4, 1969). 
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t r a n s m i s s i o n - l i n e c h a r a c t e r i s t i c s of a 50-ft coax ia l c ab l e b e t w e e n the 
c r y s t a l and the i m p e d a n c e - m e a s u r i n g s y s t e m . B e c a u s e th i s s a m e p r o b l e m 
would apply to m e a s u r i n g i n - r e a c t o r c h a r a c t e r i s t i c s of p i e z o e l e c t r i c d e v i c e s , 
a c o m p u t e r p r o g r a m h a s been w r i t t e n to c o n v e r t the r aw i m p e d a n c e da t a 
d i r e c t l y into t r a n s d u c e r eff ic iency, qua l i ty f ac to r Q, s e n s i t i v i t y , and the 
e l e c t r o m e c h a n i c a l - t r a n s d u c e r p h a s o r . Data p r o c e s s i n g h a s j u s t begun, but 
s e v e r a l q u a l i t a t i v e s t a t e m e n t s can be m a d e . 

D i r e c t e x a m i n a t i o n of the o n - l i n e X-Y p lo t s of i m p e d ­
ance showed tha t , d u r i n g i r r a d i a t i o n , r e s o n a n c e p e a k s d e c r e a s e d and the 
f i r s t r e s o n a n c e r e g i o n con ta ined a l a r g e r n u m b e r of s m a l l - a m p l i t u d e r e s ­
o n a n c e s . E l e c t r i c a l r e s i s t i v i t y of the a s s e m b l y d e c r e a s e d by f a c t o r s of 
10 to 10 . Af te r the i r r a d i a t i o n s , t h e r e was a s h o r t - t e r m p a r t i a l r e c o v e r y 
of r e s o n a n c e c h a r a c t e r i s t i c s (within 5 min) , fol lowed by a m o r e e x t e n s i v e 
r e c o v e r y (hou r s to d a y s ) . 

When e l e c t r o n s p a r t i a l l y p e n e t r a t e d the c r y s t a l , d a m ­
age a p p e a r e d to be m o r e s e v e r e than d u r i n g c o m p l e t e p e n e t r a t i o n . T e s t s 
a r e in p r o g r e s s to d e t e r m i n e w h e t h e r t h i s effect at the l o w e r e n e r g i e s could 
be a t t r i b u t e d to a s y m m e t r i c a l s t r a i n i n g of the c r y s t a l . 

Ano the r e l e c t r o n - i r r a d i a t i o n t e s t of l i t h i u m n ioba te i s 
p l a n n e d to c o m p a r e the s h o r t - t e r m a f t e r - i r r a d i a t i o n effects for d i f fe ren t 
c r y s t a l o r i e n t a t i o n s and c o m p o s i t i o n s . F r o m op t ica l and e l e c t r i c a l m e a s ­
u r e m e n t s of the c r y s t a l s , we hope to e s t i m a t e how e l e c t r o n s t r a p p e d in the 
c r y s t a l would affect t r a n s d u c e r p e r f o r m a n c e in a r e a c t o r e n v i r o n m e n t . 

(c) D e v e l o p m e n t of H i g h - t e m p e r a t u r e D e t e c t o r 
(A. P . Gavin) * 

A c o u s t i c v i b r a t i o n r e s p o n s e h a s been m e a s u r e d for 
t e s t r i g s tha t had a n i c k e l or s t a i n l e s s s t e e l rod to t r a n s m i t v i b r a t i o n s b e ­
tween a m e c h a n i c a l s h a k e r on one end and a l i t h i u m n ioba te t r a n s d u c e r 
a s s e m b l y on the o t h e r . P e r f o r m a n c e of the t r a n s d u c e r a s s e m b l y h a s b e e n 
i m p r o v e d by s andwich ing the c r y s t a l be tween the s t a i n l e s s s t e e l t r a n s m i s s i o n 
rod and a s t a i n l e s s s t e e l t e r m i n a t i n g rod to f o r m a " H o p k i n s o n - b a r t r a n s ­
d u c e r . " * F o r t u i t o u s l y for h i g h - t e m p e r a t u r e a p p l i c a t i o n s , s t a i n l e s s s t e e l 
p r o v i d e s an e x c e l l e n t a c o u s t i c i m p e d a n c e m a t c h to l i t h ium n ioba te , a l lowing 
o p t i m u m t r a n s m i s s i o n of a c o u s t i c e n e r g y . 

T e s t s a r e being p r e p a r e d to m e a s u r e the h igh -
t e m p e r a t u r e p e r f o r m a n c e of the t r a n s d u c e r a s s e m b l y in the l igh tweigh t 
f u r n a c e d e s c r i b e d in A N L - 7 6 3 2 . 

*Thompson, R. A., Quartz Crystal Pressure Bar Transducer with a Two Microsecond Response, SCL-DR-66-110. 
Sandia Corp. (March 1967). 
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2. Hea t T r a n s f e r and F l u i d F l o w (M. P e t r i c k ) 

a. L M F B R B u r n o u t L i m i t a t i o n s (R. J . Schi l tz and R. Rohde) 

L a s t R e p o r t e d : A N L - 7 6 3 2 , pp . 114-116 (Oct 1969). 

(i) P r e p a r a t i o n of A p p a r a t u s . The m a i n p ip ing s y s t e m a s s e m ­
bly is - 2 5 % c o m p l e t e . 

The s ix 1.5-in. v a l v e s for the loop have been r e c e i v e d f rom 
the shop a f te r ex t ens ive r e w o r k , r e p a i r , and final i n s p e c t i o n involving d y e -
p e n e t r a n t c h e c k s and r a d i o g r a p h y . Two of t h e s e v a l v e s have b e e n welded 
into p a r t of the piping s y s t e m . F a b r i c a t i o n of the o i l - c o o l i n g s y s t e m for 
the e l e c t r o m a g n e t i c h e l i c a l induc t ion p u m p i s ~25% c o m p l e t e . 

The d e s i g n of the t r a n s i t i o n s e c t i o n for the hea t e x c h a n g e r 
to the a i r - d u c t s y s t e m h a s been c o m p l e t e d . The a i r - c o o l e d hea t e x c h a n g e r 
h a s been i n s t r u m e n t e d wi th t h e r m o c o u p l e s and f i t ted wi th e l e c t r i c h e a t e r s . 
The uni t i s be ing p r e p a r e d so tha t the v i b r a t i o n c h a r a c t e r i s t i c s can be ob­
s e r v e d when the unit i s sub jec t ed to the m a x i m u m a i r - b l o w e r output . 

S y s t e m piping changes have n e c e s s i t a t e d a f inal t h e r m a l -
expans ion a n a l y s i s and h a n g e r - l o a d a n a l y s i s . A c o n t r a c t for th i s w o r k has 
been in i t i a ted . 

The ex t ens ion of the loop s u p e r s t r u c t u r e h a s been c o m ­
p le ted and a p o r t i o n of the e q u i p m e n t for the t e s t s has been moun ted on 
th i s ex tens ion . 

b. Hea t T r a n s f e r in L i q u i d - M e t a l H e a t E x c h a n g e r s 

(i) B o u n d a r y - v a l u e P r o b l e m s in F o r c e d - c o n v e c t i o n Hea t 
T r a n s f e r (R. P . Stein) 

Not p r e v i o u s l y r e p o r t e d . 

T h i s new r e s e a r c h ac t iv i ty h a s a s i t s naain ob jec t ive the 
unif icat ion, g e n e r a l i z a t i o n , and e x t e n s i o n of p r e v i o u s i n v e s t i g a t i o n s of hea t 
t r a n s f e r in l i q u i d - m e t a l - c o o l e d r e a c t o r c h a n n e l s and h e a t e x c h a n g e r s . 

An a n a l y t i c a l s tudy c o n s i d e r e d the g e n e r a l c a s e of a s i n g l e -
p a s s s h e l l - a n d - t u b e hea t e x c h a n g e r wi th fully deve loped l a m i n a r flow through 
the tube s ide and a t u rbu l en t l y flowing n o n m e t a l l i c fluid t h r o u g h the she l l 
s i de . The s h e l l - s i d e h e a t - t r a n s f e r coeff ic ient was t aken as cons t an t , an 
a s s u m p t i o n c o n s i d e r e d to be a good a p p r o x i m a t i o n for the t u r b u l e n t flow of 
nonme ta l l i c fluids in unbaffled, o r c l o s e l y s p a c e d baffled, hea t e x c h a n g e r s . 
H e a t - t r a n s f e r coeff ic ients w e r e not u s e d for the tube s i d e . I n s t ead , the 
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two-dimensional convection equation (based on the usual assumptions of 
temperature-independent proper t ies , negligible axial conduction, etc.) 
served as the basis of the study. 

An interesting resul t of the study (similar to previous 
resul ts) is that the customary heat-exchanger design formulas can be 
made to apply by use of the actual fully developed overall heat- t ransfer 
coefficient and an effective additional heat-exchanger length. The overall 
hea t - t ransfer coefficient depends, of course, on the tube-side heat-
t ransfer coefficient which, as noted in previous studies, depends on the 
operating conditions of the exchanger in a complex manner. The effective 
additional heat-exchanger length accounts for the high rates of heat t r ans ­
fer in the thermal-ent rance region of the exchanger and also depends on 
the operating conditions of the exchanger. 

The operating conditions of the exchanger can be charac­
terized by two dimensionless quantities, Knp and H, and by whether the flow 
is countercurrent or cocurrent. The quantity K-j, a relative total thermal 
res is tance of the heat-exchanger wall and shell-side convection, is defined 
by 

T " ak^ "̂  h(a + b)' 

where k is thermal conductivity of tube-side fluid, k^ is thermal conduc­
tivity of wall, h is heat- t ransfer coefficient for shell side, a is inside 
radius of tube, b is wall thickness, and b' = a In [1 + (b/a)] ~ b for 
b /a « 1. The quantity H is the ratio of heat capacity to flowrate, defined 
by H = C2W2/C1W1, where Ci is the specific heat of fluid i, Wi is mass 
rate of flow of fluid i; i = 1 identifies the tube-side fluid and i = 2 refers 
to the shel l-s ide fluid. 

The fully developed overall heat- t ransfer coefficient is 
conveniently expressed as an overall Nusselt number Nu° = 2aUi/k, where 
U, is the fully developed overall heat- t ransfer coefficient referred to the 
tube side. For sufficiently large values of K^ (say K'j' > 10), Nu" - 2 / K X , 
indicating that heat- t ransfer rates are controlled by the shell-side and wall 
thermal res is tance so that tube-side coefficients need not be known 
accurately. 

A dimensionless heat-exchanger length is defined by Z = 
(4/Pei)(L/D), where Pej is the tube-side Peclet number, L is the heat-
exchanger length, and D is the tube inside diameter . With the effective 
additional heat-exchanger length denoted by AL, AZ represents its dimen­
sionless counterpart when L is replaced by AL in the above definition of Z. 
For sufficiently large values of Z, both AZ and the tube-side Nusselt 
number become independent of Z, and the heat transfer is considered 
"fully developed." 
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T a b l e I I I . C . l shows r e p r e s e n t a t i v e v a l u e s of the v a r i o u s 
d i m e n s i o n l e s s q u a n t i t i e s a s a funct ion of the h e a t - e x c h a n g e r o p e r a t i n g con ­
d i t i ons . Inc luded in the t a b l e i s the d i m e n s i o n l e s s length Z* r e q u i r e d for 
"fully deve loped" h e a t - t r a n s f e r c o n d i t i o n s , and the h e a t - e x c h a n g e r e f fec­
t i v e n e s s e* c o r r e s p o n d i n g to Z* . T h u s , the c u s t o m a r y h e a t - e x c h a n g e r 
des ign f o r m u l a s can be u s e d wi th Ui d e t e r m i n e d f r o m Nu° and wi th L r e ­
p laced by L + AL, as d e t e r m i n e d f r o m AZ, p r o v i d e d Z > Z* or e > e*. 
A l so inc luded in the t a b l e a r e v a l u e s of the fully d e v e l o p e d t u b e - s i d e 
N u s s e l t n u m b e r Nuj . R e c a l l t ha t for fully d e v e l o p e d l a m i n a r flow in a tube, 
Nuj = 3.66 c o r r e s p o n d s to the b o u n d a r y cond i t ion of u n i f o r m wa l l t e m p e r a ­
t u r e ; Nui = 4.36 c o r r e s p o n d s to the bounda ry cond i t ion of u n i f o r m wa l l flux. 

T A B L E I I I . C . l . V a r i o u s H e a t - e x c h a n g e r Q u a n t i t i e s 
as a F u n c t i o n of O p e r a t i n g Cond i t ions 

K x H Nui Nui AZ Z* e* 

C o c u r r e n t F l o w 

0.1 

0.1 

0.1 
1 

10 

0.1 
1 

10 

0.1 
1 

10 

0.1 
1 

10 

1.02 
2.76 
3.13 

0.91 
1.32 
1.34 

Count 

6.07 
3.58 
3.21 

1.503 
1.371 
1.350 

1.07 
3.21 
3.71 

1.67 
3.87 
4.10 

e r c u r r 

8.71 
4.37 
3.82 

6.05 
4.37 
4.15 

0.167 
0.059 
0.046 

0.091 
0.018 
0.015 

ent F l o w 

0.004 
0.032 
0.043 

0.004 
0.013 
0.014 

0.080 
0.120 
0.113 

0.235 
0.170 
0.156 

0.016 
0.098 
0.111 

0.068 
0.141 
0.153 

0.938 
0.630 
0.421 

0.962 
0.390 
0.223 

0.693 
0.317 
0.383 

0.645 
0.173 
0.200 

3. E n g i n e e r i n g M e c h a n i c s (G. S. R o s e n b e r g ) 

a. S t r u c t u r a l D y n a m i c s - - S t r u c t u r e - F l u i d D y n a m i c s 
(M. W. W a m b s g a n s s , J r . ) 

(i) M a t h e m a t i c a l Model ing of P a r a l l e l - f l o w - i n d u c e d V ib ra t i on 
(S. S. Chen) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , pp . 108-109 (Sept 1969). 

An a n a l y t i c a l so lu t ion h a s b e e n ob ta ined for the d i s p l a c e ­
m e n t s t a t i s t i c s of a s imp ly s u p p o r t e d rod in p a r a l l e l flow. The m o t i o n is 



d e s c r i b e d by P a i d o u s s i s ' equa t ion ' and the s y s t e m is p o s t u l a t e d to be e x ­
c i t ed by p r e s s u r e f luc tua t ions in the t u r b u l e n t bounda ry l a y e r . 
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p r e s 

T h e m a t h e m a t i c a l m o d e l for the t u r b u l e n t - b o u n d a r y - l a y e r 
s u r e is b a s e d on tha t of Bakewel l . ' ' ^ The power s p e c t r a l d e n s i t i e s of 

t u r b u l e n t wa l l p r e s s u r e obta ined by 
Bakewel l and o t h e r s a r e shown in 
F i g . I I I . C . l , w h e r e V is flow ve loc i ty , 
p is fluid dens i ty , to i s c i r c u l a r f r e ­
quency , and 6* is d i s p l a c e m e n t 
t h i c k n e s s . N u m e r i c a l c a l c u l a t i o n s 
w e r e p e r f o r m e d us ing the d a s h e d 
c u r v e of F i g . I I I . C . l , which c o r r e ­
l a t e s the da t a of Bakewe l l and 
Cl inch qui te we l l . Using B a k e w e l l ' s 
da ta for the s p a c e - t i m e c o r r e l a t i o n 
function and following a r a n d o m -
v i b r a t i o n a p p r o a c h , the power s p e c ­
t r a l dens i ty of the rod d i s p l a c e m e n t , 
y(x, t ) , can be w r i t t e n as 

w h e r e Dg is the effect ive rod d i a m ­
e t e r , 0n(x) is the o r t h o n o r m a l 
mode , Hr,(tD) is the t r a n s f e r function, 
and Jn(co) i s the jo in t a c c e p t a n c e . 
The c u r v e s of the jo in t a c c e p t a n c e 
for the f i r s t five m o d e s a r e shown 
in F i g . I I I .C.2 , w h e r e 7 i s a d i m e n ­

s i o n l e s s f r e q u e n c y . The p h y s i c a l s ign i f i cance of the jo in t a c c e p t a n c e is 
tha t it r e p r e s e n t s the " e f f e c t i v e n e s s " of the p r e s s u r e in exc i t ing a m o d e 
of the rod . It wi l l take on a r e l a t i v e l y l a r g e va lue when the p r e s s u r e c o r ­
r e l a t i o n h a s a s ign i f i can t con t r i bu t ion at the p r e d o m i n a n t wave leng th of 
the m o d e c o n c e r n e d . 

SIrwrtol Number. (J8* /V 

Fig. III.C.l. Nondimensional Spectral Densities of 
Turbulent-boundary-layer Pressure 

^Paidoussis, M. P.. Dynamics of Flexible Slender Cylinder in Axial Flow. Part I. Theory, J. Fluid Mech. 
26, 717-736 (1966)"! 

"^Bakewell, H. P., Ir., Turbulent Wall-Pressure Fluctuations on a Body of Revolution, 1. Acoust. Soc. Am. 
^ , 1358-1363(1968)"! ~~^ 

*Clinch. J. M., Measurements of the Wall Pressure Field at the Surface of a Smooth-Walled Pipe Containing 
Turbulent Water Flow, J. Sound Vib. j), 398-419 (19C9); Willmarth. W. W., and Wooldridgc. C. Z., 
Measurements of the Fluctuating Pressure at the Wall beneatli a Thick Turbulent Boundary L.iycr. J. Fluid 
Mech. 14, 187-210 (1962); Skudrzyk, E. )., and Haddle, G. P., Noise Production in a Turbulent Boundary 
Layer by Smooth and Rough Surfaces, 1. Acoust. Soc. Am. 32, 19-34 (1960). 

**Reavis. J. R., WVI-Westinghouse Vibration Correlation for Maximum Fuel Element Displacement in 
Parallel Turbulent Flow, Trans. Am. Nucl. Soc. 10, 1, 369-370 (June 1967). 
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F o u r g e n e r a l c o n c l u s i o n s 
a r e d r a w n f rom the m a t h e m a t i c a l 
m o d e l and n u m e r i c a l s o l u t i o n s : 

( l ) The d a m p i n g of the s y s ­
t e m i n c r e a s e s l i n e a r l y wi th flow 
ve loc i ty ; t h i s a g r e e s qua l i t a t i ve ly 
wi th e x p e r i m e n t ( see P r o g r e s s R e ­
p o r t for A p r i l - M a y 1969, ANL-7577 , 
p . 166). 

(2) The r m s rod d i s p l a c e ­
m e n t i s p r o p o r t i o n a l to the flow 
ve loc i ty to the 1.5 to 3.0 p o w e r . The 
h ighe r va lue is a s s o c i a t e d wi th a 
high S t r o u h a l n u m b e r ; for the lower 

S t rouha l n u m b e r s , c h a r a c t e r i s t i c of coolan t flow t h r o u g h r e a c t o r i n t e r n a l s , 
r m s d i s p l a c e m e n t is p r o p o r t i o n a l to the flow ve loc i ty r a i s e d to a power of 
1.5 to 2.0. T h i s r e s u l t i s in a g r e e m e n t wi th R e a v i s * and P a i d o u s s i s * * (see 
a l s o P r o g r e s s R e p o r t for N o v e m b e r 1968, A N L - 7 5 1 8 , pp . 101-102) . 

(3) The f i r s t b e n d i n g - m o d e r e s p o n s e is dominan t ; the 
con t r ibu t ions f rom h i g h e r m o d e s a r e l e s s than 5%. T h i s is c o n s i s t e n t with 

Dimensionless Frequency, J 

Fig. III.C.2. Joint Acceptance as a Function of 
Dimensionless Frequency 

e x p e r i m e n t a l o b s e r v a t i o n s . * * ,t 

(4) The rod r e s p o n s e is r e l a t i v e l y i n s e n s i t i v e to the d e ­
ta i led c h a r a c t e r i s t i c s of the p r e s s u r e f ield. The m o s t i m p o r t a n t f e a t u r e 
of the p r e s s u r e field r e q u i r e d in the m a t h e m a t i c a l m o d e l i s the power 
s p e c t r u m of the wal l p r e s s u r e at l ower v a l u e s of S t r o u h a l n u m b e r . Depend­
able da ta a r e not ava i l ab le in th i s r a n g e . Cl inch r e p o r t e d the e x i s t e n c e of 
" e x t r a n e o u s n o i s e " at l ower S t rouha l n u m b e r s . W i l l m a r t h and Wooldr idge 
found that the power s p e c t r u m of the p r e s s u r e f luc tua t ions con ta ined a l a r g e 
energy dens i ty at low f r e q u e n c i e s . F i g u r e I I I .C . l shows that at l o w e r 
S t rouha l n u m b e r s the da ta obta ined by d i f ferent e x p e r i m e n t e r s have di f fer ­
ences of an o r d e r of m a g n i t u d e . It i s p r e c i s e l y the lower r a n g e of S t rouha l 
n u m b e r that is i m p o r t a n t in r e a c t o r a p p l i c a t i o n s . T h i s e m p h a s i z e s the 
need for making w a l l - p r e s s u r e m e a s u r e m e n t s on the s u r f a c e of the rod in 
the lower r ange of S t rouha l n u m b e r s . 

T h i s m a t h e m a t i c a l m o d e l is s u c c e s s f u l in p r e d i c t i n g 
the e s s e n t i a l f e a t u r e s and b a s i c t r e n d s of p a r a l l e l - f l o w - i n d u c e d v i b r a t i o n . 
However , fu r the r e x p e r i m e n t a l da t a for the v i b r a t i o n of a c y l i n d r i c a l rod 
in axia l flow a r e needed in o r d e r to quan t i t a t i ve ly p r e d i c t r m s - d i s p l a c e m e n t 
r e s p o n s e and thus to eva lua te the m a t h e m a t i c a l mode l ; in p a r t i c u l a r , the 

*Reavis, J. R., Ibid, see previous page. 
Paidoussis, M. P., An Experimental Study of Vibration of Flexible Cylinders Liduced by Nominally 
Axial Flow. Nucl. Sci. and Eng. 35, 127-138 (1969). 

fWambsganss, M. W., Jr., and Boers, B. L., Parallel-flow-induced Vibration of a Cylindrical Rod, 
Mechanical Engineering Abstract £1, 4, 64 (April 1969). 
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power spectral density of wall p re s su re at lower Strouhal numbers is 
needed. The experimental effort to obtain this information is continuing. 

(ii) Prepara t ion of Two Structural Dynamics Test Loops 
(P. L. Zaleski) 

Last Reported: ANL-7632, p. 122 (Oct 1969). 

Sufficient data have been accumulated from tests with an 
experimental acoustic filter to initiate construction of a filter for the small 
test loop. The final design calls for filters upstream and downstream of 
the test section. Each consists of three chambers (representing semi-
infinite cavities) connected to the flow channel by a short pipe located near 
the bottom of each chamber. These cavities a re mounted axially along the 
channel and are essentially air-fi l led during operation. The response of 
the system is that of a high-pass filter; the calculated cutoff frequencies 
a re greater than 400 Hz. 

During tes ts on the acoustic-fi l ter systems, it was difficult 
to obtain meaningful p r e s su re measurements because of s t ructural vibra­
tions of the test apparatus. This prompted a study of acceleration effects 
on the p r e s s u r e t ransducers caused by the inert ial loading of the fluid in 
contact with them. Results of the simplified analysis that was performed 
agreed well with resul ts from a ser ies of tests performed on a shaker table. 
Now that a source of extraneous p r e s su re has been identified, steps a re 
being taken to improve the vibration isolation of the test section; the test 
section is being installed in the loop for the purpose of measuring induced 
accelerat ion levels. 

D. Chemistry and Chemical Separations 

1. Fuel Cycle Technology--Research and Development 

a. Molten Metal Decladding (R. D. Pierce) 

(i) Behavior of Volatile Fission Products 

Last Reported: ANL-7632, pp. 122-124 (Oct 1969). 

(a) Laboratory P roces s Development. A large portion of 
the fission-product iodine is expected to be present as elemental iodine in 
the annular and plenum regions of i r radiated reactor fuel. In the present 
concept of decladding by use of a liquid metal this iodine will be l iberated 
when the cladding (stainless steel or Zircaloy) is dissolved in liquid zinc 
at 800°C. The distribution of iodine between the zinc, a cover salt, and the 
gas phases is being investigated. Apparatus fabricated for measuring the 
degree of reaction of iodine with zinc and the cover salt consists of a reaction 
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v e s s e l , a re f lux c o n d e n s e r , and a gas a n a l y z e r in a t r a i n . T h e o p e r a t i n g 
p r o c e d u r e for the f i r s t s c o u t i n g e x p e r i m e n t s , which a r e now u n d e r way , i s 
a s fol lows: a s t e e l c a p s u l e con ta in ing a known amoun t of iod ine i s d r o p p e d 
into a pool of z inc at 800°C, r e l e a s i n g the iodine to bubble t h r o u g h the z inc 
and a L i F - N a F cove r s a l t into a s t r e a m of a r g o n tha t p a s s e s t h r o u g h the 
equ ipmen t t r a i n . The quan t i ty of u n r e a c t e d iod ine i s m e a s u r e d wi th the gas 
a n a l y z e r d o w n s t r e a m f r o m the z inc m e l t . 

2. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g - - R e s e a r c h and 
D e v e l o p m e n t 

a. T h e r m o p h y s i c a l P r o p e r t i e s 

(i) Oxygen G r a d i e n t s , T o t a l Vapor P r e s s u r e s , and Oxygen 
P o t e n t i a l s in R e a c t o r F u e l s (P . E . B l a c k b u r n and 
A. J . B e c k e r ) 

L a s t R e p o r t e d : A N L - 7 6 0 6 , p . 117 (Aug 1969). 

The t r a n s p i r a t i o n a p p a r a t u s that wi l l be u s e d to m e a s u r e 
oxygen p o t e n t i a l s and to ta l p r e s s u r e s over U - P u - O h a s been s u c c e s s f u l l y 
t e s t e d . The vo lume of the a p p a r a t u s w a s c a l c u l a t e d to be 29.3 l i t e r s . The 
c a l i b r a t i o n of the o n - l i n e oxygen m e t e r , by s u c c e s s i v e d i lu t ions of a i r with 
a rgon , i nd ica ted that it funct ioned c o r r e c t l y down to 100 p p m O2 (the lowes t 
oxygen p r e s s u r e t e s t e d ) . 

Oxygen p r e s s u r e s m e a s u r e d ove r U3O8-U4O9 at 1725 and 
1775°K w e r e 5.0 x 10 '^ and 9.2 x 10"^ a t m , r e s p e c t i v e l y . T h e length of 
t i m e expended in each e x p e r i m e n t was too s h o r t to obta in a c c u r a t e l y con­
densab l e s p e c i e s p r e s s u r e s f r o m the we igh t da ta d i s p l a y e d by the b a l a n c e 
i n c o r p o r a t e d in to the a p p a r a t u s . H o w e v e r , a c o m p a r i s o n b e t w e e n the s a m ­
ple we igh t s be fo re and af ter e q u i l i b r i u m i n d i c a t e d p r e s s u r e s of u r a n i u m -
b e a r i n g s p e c i e s w e r e v e r y m u c h l e s s than tha t of oxygen. 

Oxygen p r e s s u r e s over U3O8-U4O9, c a l c u l a t e d f r o m the 
equat ion d e t e r m i n e d e x p e r i m e n t a l l y by R o b e r t s and W a l t e r , * c o m p a r e d 
favorably with our da ta . 

A t t en t ion has a l s o b e e n focused on m e a s u r i n g p a r t i a l p r e s ­
s u r e s over UOj.^^- To da t e , l i t t l e q u a n t i t a t i v e da t a h a s been p u b l i s h e d on 
to ta l p r e s s u r e s of u r a n i u m - b e a r i n g s p e c i e s o v e r s i n g l e - p h a s e U O j i ^ . The 
oxygen and UO3 p r e s s u r e s in th i s r e g i o n a r e r e l e v a n t to the U - P u - O s y s t e m 
we wil l be s tudying s h o r t l y . 

Roberts, L. E. J., and Walter, A. J., J. Inorg. Nucl. Chem.^, 222 (1961). 
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(ii) Total Effusion of Pu-O and U-Pu-O System 
(P. E. Blackburn and R. K. Edwards) 

Last Reported: ANL-7606, p. 117 (Aug 1969). 

The effusion apparatus, previously used to determine the 
congruently vaporizing composition of urania as a function of temperature , 
has been installed in a glovebox so that effusion studies of plutonium-bearing 
mater ia l s may be ca r r ied out. The new apparatus, which incorporates a 
quadrupole mass spectrometer and a vacuum microbalance, allows studies 
of the Pu-X and U-Pu-X systems where X is either carbon or oxygen. The 
carbide studies were last reported in ANL-7632, pp. 108-109, Oct 1969, at 
which time the current status of apparatus development was detailed. 

The performance of the effusion apparatus is being tested 
on nonplutonium (urania) mater ia l s prior to closing up the glovebox, since 
the testing can be car r ied out more efficiently in this manner. These tests 
have shown that the temperature of the effusion cell can be held constant to 
better than our most sensitive detection l imits . Because of this constancy, 
the effusing system becomes truly invariant in a practical way at the con­
gruently effusing composition, optimum conditions are consequently provided 
for determining the ionization-efficiency curves needed as part of the cali­
bration information for our instrument. The preliminary curve for the UO 
species looks very satisfactory, and similar curves for the other species 
are being determined. Fur ther work in calibration and assessment of the 
capabilities of the apparatus will precede the planned plutonium studies. 

F r o m theoretical studies, it was also established in 
ANL-7632 that compositions of the condensed pftase can probably be deter­
mined from a mathematical analysis of the mass - spec t romet r i c ion-current 
data more accurately than from time-consuming chemical analyses. Con­
tinuing theoretical analyses a re directed toward simplifying the determina­
tion of ionization cross sections needed for converting ion-current 
observations to pa r t i a l -p ressu re values. 

b. Prepara t ion of Nuclear Materials (A. A. Jonke) 

Last Reported: ANL-7618, p. 118 (Sept 1969). 

Studies of the use of a p lasma-torch reactor for the conversion 
of FBR oxide fuel to reac to r -g rade carbide fuel in high yield have been ini­
tiated. The current work is devoted to the conversion of uranium oxide to 
uranium monocarbide, but the process is expected to be applicable to the 
production of (U-Pu)C in equipment installed in an alpha-tight enclosure. 
The method involves making composite part icles of uranium oxide and 
graphite, and reacting the small (~100 mesh) composite part icles by passing 
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them through and cocurrently with the plasma flame of an inductively coupled 
plasma torch (25 kW) pointed downward. The product, in the form of small, 
free-flowing spheres of carbide and unreacted oxide and carbon, is collected 
in a product receiver at the bottom of the reactor . 

The prel iminary runs made previously indicated that the carbon 
content of the effluent mater ia l was lower than that of the feed, but that the 
oxygen content of this mater ia l was near that of the feed, suggesting that the 
hot part icles emanating from the torch might have reacted with atmospheric 
oxygen in the reaction chamber. The objectives of the current work are 
(l) to test the effect of filling the reaction chamber with argon instead of 
air and (2) to make a number of minor changes in the experimental system 
to improve operability. 

Most of the equipment modifications have been completed, and 
brief t r ia l runs have been made with argon gas in the reaction chamber. 
Some operating difficulties were encountered with the electr ical supply to 
the plasma torch, and after the most recent t r ia l run a quartz plate that 
supports the torch and insulates it from the reaction chamber was found to 
be cracked. Despite these difficulties, the product from this run (No. 14) 
had a significantly lower oxygen content than did products of the prel imi­
nary runs, indicating that replacement of air in the reaction chamber with 
argon is helpful. 

Analysis of samples of the products from recent runs indicated 
the presence of alpha-UC2, which is not a desirable constituent of a reactor 
fuel. If alpha-UC2 is found in the products of future runs, methods for its 
elimination will be sought. The plasma- torch equipment is being modified 
to correct component failures and is being readied for additional runs to 
establish equipment reliability. 
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Fluidized-Bed Fluorination of U02-Pu02-Fission Product Pel lets with 
BrF5 and Fluorine. Pa r t I. The Fluorination of Uranium, Neptunium, 
and Plutonium 

L. J. Anastasia, P . G. Alfredson, and M. J. Steindler 
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Fluidized-Bed Fluorination of U02-Pu02-Fission Product Pellets with 
BrF5 and Fluorine. Pa r t II. P roces s Considerations 

L. J. Anastasia, P . G. Alfredson, and M. J. Steindler 
Nucl. Appl. Technol. 1_, 433-442 (Nov 1969) 

Neutron Radiography in the Biomedical Field--An Introduction 
J. P . Barton 

Biomedical Sciences Instrumentation, Proc . 7th Ann. Symp. on 
Imagery in Medicine, Ann Arbor, Michigan, May 19-22, 1969, 
Ed. F . D. Thomas and E. E. Sel lers . Instr. Soc. Am., Pittsburgh, 
1969, Vol. 6, pp. 83-92. 

Neutron Radiography Using Nonreactor Sources 
J. P . Barton 

Isotopes Radiat. Technol. 6.(2), 149-153 (Winter 1968-1969) 

A Design for Modular Ultrahigh Vacuum Feedthroughs 
P. M. Danielson 

Vacuum J^, 412 (Sept 1969) Letter 

A Possible Non-destructive Test for Hydrogen Content of Metals 
Nils Fernel ius 

Bri t . J. Nondestructive Testing JJ,(1), 2 i -23 (March 1969) 

Glove Box Facility for Pyrochemical Research and Development Work 
with " ' P u 

Jack F ischer 
P roc . 17th Conf. on Remote Systems Technology, Am. Nucl. S o c , 
San Francisco , November 1969, pp. 63-73 

BEMOD, A Code for the Lifetime of Metallic Fuel Elements 
V. Z. Jankus 

ANL-7586 (July 1969) 

Neutron Exposure to Lunar Astronauts 
J. Kastner, B. G. Oltman, Y. Feige, and R. Gold 

Health Phys. IT_, 732 (Nov 1969) Note 
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IV. N U C L E A R S A F E T Y R E S E A R C H AND D E V E L O P M E N T 

A. L M F B R S a f e t y - - R e s e a r c h and D e v e l o p m e n t 

1. R e a c t o r C o n t r o l and S tab i l i ty 

a. R e a c t o r S tab i l i ty and S tab i l i ty D e s i g n C r i t e r i a for Spa t i a l l y 
Dependen t S y s t e m s (C . Hsu) 

L a s t R e p o r t e d : A N L - 7 6 1 8 , p . 122 (Sept 1969). 

(i) N o n l i n e a r Mode l . Q u a s i l i n e a r i z a t i o n t e c h n i q u e s a r e being 
app l ied to the m u l t i g r o u p s p a c e - t i m e n e u t r o n - d i f f u s i o n equa t i on . T h e s e 
t e chn iques a r e being i n c o r p o r a t e d into the L A R K 3 * c o m p u t e r c o d e , which 
so lves the l i n e a r t w o - g r o u p s p a c e - t i m e - d e p e n d e n t n e u t r o n - d i f f u s i o n equa t ion . 
To obtain a b e t t e r m o d e l for the r e a c t o r s y s t e m , it often is n e c e s s a r y to in­
c lude n o n l i n e a r t e r m s in the n e u t r o n - d i f f u s i o n equa t i on . I nc lu s ion of non­
l i n e a r t e r m s r e q u i r e s an i t e r a t i v e so lu t ion coup led wi th s m a l l e r s p a t i a l and 
t e m p o r a l g r i d v a l u e s in the f i n i t e - d i f f e r e n c e equa t i ons of the s y s t e m . These 
changes wi l l i n c r e a s e the c o m p u t a t i o n a l t i m e s u b s t a n t i a l l y . 

Using q u a s i l i n e a r i z a t i o n t e c h n i q u e s , one ob ta ins an i t e r a t i v e 
me thod to so lve the n o n l i n e a r e q u a t i o n s ; h o w e v e r , the c o n v e r g e n c e is quad­
r a t i c in n a t u r e . T h u s , c o m p u t a t i o n a l t i m e is r e d u c e d in the i t e r a t i v e c a l c u ­
l a t i o n s . A l s o , the q u a s i l i n e a r a p p r o a c h a l lows one to m a i n t a i n the l i n e a r 
f o r m of the LARK3 c o d e . 

b . T r a n s f e r - f u n c t i o n T e c h n i q u e s to M e a s u r e L a r g e F a s t R e a c t o r 
S tab i l i ty (L. H a b e g g e r ) 

L a s t R e p o r t e d : A N L - 7 5 4 8 , pp . 116-117 (Jan 1969). 

A s tudy of l i n e a r h o m o g e n e o u s L M F B R s y s t e m s t ab i l i t y has been 
m a d e us ing the r o o t - l o c i me thod .** The ob j ec t i ve s of t h i s s tudy w e r e : (1) to 
d e t e r m i n e the l i n e a r s t ab i l i t y at o p e r a t i n g cond i t i ons for an L M F B R s y s t e m 
c u r r e n t l y unde r s tudy , and (2) to d e t e r m i n e the s e n s i t i v i t y of the s t ab i l i t y 
condi t ion ( s y s t e m r e l a t i v e s t ab i l i ty ) wi th r e s p e c t to the v a r i a t i o n of s y s t e m -
feedback p a r a m e t e r s . 

The r e a c t o r m o d e l c o n s i d e r e d is a o n e - e n e r g y - g r o u p , o n e -
d e l a y e d - g r o u p m o d e l wi th two t e m p e r a t u r e f e e d b a c k s . The h o m o g e n e o u s 
p a r a m e t e r s u s e d in the a n a l y s e s a r e b a s e d on the t y p i c a l d e s i g n p a r a m e t e r s 

Rhyne, W. R., and Lapsley, A. C, Numerical Solution ofihe Time- and Space-dependent Multigroup Neutron 
Diffusion Equations (to be published in Nuclear Science and Engineenng). 
Hsu, C, and Habegger, L., Root-Loci Approach in the Study of Stability of Linear Homogeneous Space-
Time Reactors. IEEE Nuclear Science Symposium, (Oct 1969). 
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of an LMFBR system. Pa rame t r i c studies have been made for cases in 
which all the pa ramete r s a re fixed except the magnitude and signs of the 
temperature-feedback coefficients under the condition that the total feed­
back reactivity is always negative. The results of these studies showed 
that the system will be asymptotically stable if there is no anomaly, but 
might become unstable if anomalies , such as partial reduction of coolant 
flow, occur. However, for this model, no higher-mode oscillation can 
develop if the fundamental spatial mode is stable. 

The study of the relative stability (obtaining the eigenvalues of 
the various spatial modes) has indicated that the system relative stability 
is sensitive with respect to the respective sign of the two reactivity feed­
backs ra ther than the combined magnitude. The results have also shown 
that the dominant eigenvalue does not always correspond to the fundamental 
spatial shape. It is concluded that it is important to study the detailed 
spatial feedback model and, in par t icular , to include cases where the various 
feedbacks a re space-dependent (for example, nonuniform feedback due to 
fuel-element bowing). 

2. Coolant Dynamics (J. F, Marchaterre) 

a. Sodium Expulsion (R. M. Singer and R. E. Holtz) 

Last Reported: ANL-7632, pp. 129-130 (Oct 1969). 

(i) Static Expulsion Tests 

(a) Collection and Analysis of Data from Initial System. 
Much data have been obtained on the vapor-growth rate of initially static 
nonuniformly superheated sodium, including the incipient-boiling super­
heat and t ransient p r e s s u r e s associated with vapor growth and collapse. 
These data a re being reduced and analyzed to determine if sufficient infor­
mation is available from this specific test s e r i e s . 

Some steady-state boiling data are being obtained for 
comparison with published data. A ser ies of tests designed to examine the 
theoret ical prediction of the heat-flux effect on the incipient-boiling super­
heat a re being planned. 

(ii) Forced-convection Expulsion Tests 

(a) Prepara t ion of Transient Test Loop. Work is continuing 
on the installation of general loop instrumentation. The test section has been 
fabricated, and is being instrumented with p re s su re taps , thermocouples , 
voltage taps , and flowmeter connectors . Initial circulation of sodium in the 
loop is expected to commence within 6-8 weeks; loop debugging will follow. 
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3. F u e l Meltdown Studies with T R E A T 

a. E x p e r i m e n t a l Suppor t (C. E . D i c k e r m a n ) 

L a s t R e p o r t e d : A N L - 7 6 3 2 , p . 137 (Oct 1969). 

(i) Safety A s p e c t s of the E l e v a t e d T e m p e r a t u r e B e h a v i o r of 
DC-200 S i l i c o n e ' c o o l i n g Oil Used wi th the M a r k - I I T R E A T Sodium Loop^ 
DC-200 d ime thy lpo lys i l oxane ( s i l i cone ) oil i s u s e d a s an a u x i l i a r y coolant 
for the M a r k - I I T R E A T s o d i u m loop, to cool the Annu la r L i n e a r Induct ion 
P u m p (ALIP) and the loop f r e e z e p l u g s . As p a r t of the loop d e v e l o p m e n t , 
an a n a l y s i s was m a d e of the c h e m i c a l s t a b i l i t y of the s i l i cone oi l u n d e r 
"ope ra t ing acc iden t " condi t ions of ( l ) r u p t u r e of s i l i cone l ines with d i s ­
p e r s a l of s i l i cone on hot loop p a r t s , and (2) s i l i cone flow s toppage in the 
ALIP . After r ev i ew of the ava i l ab le c h e m i c a l da t a , it was concluded that 
the oil p r e s e n t e d no h a z a r d s of o v e r p r e s s u r e or o v e r h e a t i n g of loop p a r t s 
due to s i l i cone d e c o m p o s i t i o n and combus t i on for the following r e a s o n s : 

(1) The d e c o m p o s i t i o n of the oil is e n d o t h e r m i c , r equ i r ing 
a heat s o u r c e to sus t a in it . 

(2) E x t e r n a l hea t m u s t a l s o be supp l ied to s u s t a i n c o m ­
bust ion of t h e s e compounds o r t h e i r d e c o m p o s i t i o n p r o d u c t s . 

(3) The s u r f a c e of the loop can , a t a n o m i n a l 200°C, r e p r e ­
sent the co ldes t por t ion of the s y s t e m , and a s such af fords a condensa t ion 
su r face for the decompos i t i on or d i s t i l l a t ion p r o d u c t s of the h i g h e r -
t e m p e r a t u r e oi l . Consequen t ly , th is condensa t i on r e d u c e s the p r e s s u r e of 
the loop s y s t e m . 

It was concluded under t h e s e a s s u m p t i o n s that the p r e s s u r e f r o m the d e c o m ­
posi t ion of the coolant oil would be l e s s than 15 p s i . 

These conc lus ions w e r e s u p p o r t e d by r e s u l t s of a t e s t 
p e r f o r m e d dur ing the t e s t ing p e r i o d p r i o r to the h i g h - p r e s s u r e proof t e s t 
of the p ro to type loop (see P r o g r e s s R e p o r t for J a n u a r y 1969, A N L - 7 5 4 8 , 
pp. 124-127). In that t e s t , the oil was hea ted to 950°F in the A L I P she l l by 
valving off flow to the A L I P f r o m the unit for cooling the s i l i c o n e . During 
the t i m e the oil was s t agnan t , hea t was suppl ied for the loop and for the 
ALIP opera t ing at 1.5 kW. No damaging o v e r p r e s s u r e s r e s u l t e d , but an 
epoxy sea l (not used on pumps o the r than the p ro to type ) deve loped a leak 
which al lowed s i l i cone to spi l l on the hot loop . While the oil was o b s e r v e d 
to s m o k e , no igni t ion, exp los ion , or s igni f icant d a m a g e was found. 

Dur ing the safety r ev iew of the C h e c k o u t - 1 M a r k - I I loop 
e x p e r i m e n t , the e x p e r i m e n t e r s w e r e r e q u e s t e d to supply add i t iona l in for ­
ma t ion on s i l icone behav io r u n d e r t h e s e cond i t i ons . A c c o r d i n g l y , a s i m p l e 
but quant i ta t ive s u r v e y e x p e r i m e n t has been p e r f o r m e d on p r e s s u r e 
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g e n e r a t i o n of s i l i c o n e oi l in a c l o s e d s y s t e m . A given quant i ty of s i l i c o n e 
w a s h e a t e d in a c l o s e d c o p p e r tube wi th a r g o n c o v e r gas above the s i l i c o n e 
s u r f a c e . The n o m i n a l r o o m - t e m p e r a t u r e vo lume of the s i l i c o n e for e a c h 
run w a s 36.9 c c , and the n o m i n a l r o o m - t e m p e r a t u r e va lue of a r g o n was 
73.9 c c . The s i l i c o n e o c c u p i e d a c y l i n d r i c a l vo lume about 15 c m long, wi th 
a t h e r m o c o u p l e we l l ex tend ing down f r o m the top s u r f a c e half way ( i . e . , to 
8 c m f r o m the b o t t o m of the c y l i n d e r ) . In o r d e r to effect good con tac t b e ­
t w e e n the t h e r m o c o u p l e and w e l l , s o m e s i l i cone oil was added to the w e l l . 
The t h e r m o c o u p l e w a s a l w a y s wet a f t e r r e m o v a l f r o m i ts we l l a f t e r e a c h 
r u n , even though s o m e s m o k i n g of the oi l in the we l l was no ted a t t e m p e r ­
a t u r e s above 6 5 0 - 7 5 0 ° F . P r e s s u r e s w e r e m e a s u r e d a s a function of oil 
t e m p e r a t u r e du r ing e a c h r u n . The p r e s s u r e of the c o m p r e s s e d , h e a t e d 
c o v e r g a s w a s c o m p u t e d and s u b t r a c t e d f r o m the to ta l in o r d e r to obta in 
the p a r t i a l p r e s s u r e of the hot s i l i c o n e . P r e s s u r e s w e r e m e a s u r e d a f t e r 
p o s t - t e s t coo l ing . Af te r the l a s t run ( m a x i m u m t e m p e r a t u r e of 883°F) the 
p o s t - t e s t p r e s s u r e s w e r e m e a s u r e d to be in e x c e s s of the o r i g i n a l a r g o n 
p r e s s u r e of one a t m by only 1.2, 1.0, and 0.6 p s i a t cool ing t i m e s of 1.5, 2, 
and 18 h r , r e s p e c t i v e l y . 

T h e s e t e s t s showed that the p r e s s u r e due to the v a p o r o r 
d e c o m p o s i t i o n p r o d u c t s f r o m the A L I P coolan t was about 25 p s i at a t e m ­
p e r a t u r e be low 800 to 880°F . C o n s e q u e n t l y , the t o t a l p r e s s u r e which could 
be a t t r i b u t e d to the v a p o r and d e c o m p o s i t i o n p r o d u c t s f r o m the p u m p -
cool ing oi l w a s m o d e r a t e for the t e m p e r a t u r e s s t u d i e d . 

(ii) Shipping C a s k . The v e n d o r shop d r a w i n g s of the T R E A T 
M a r k - I I - l o o p sh ipp ing c a s k w e r e r e v i e w e d , and c o m m e n t s w e r e f o r w a r d e d 
to the v e n d o r . The r e v i s i o n s of the d r a w i n g s r e q u i r e d to c o m p l y wi th the 
c o m m e n t s a r e in p r o g r e s s and a r e e x p e c t e d to be c o m p l e t e d du r ing the week 
of D e c e m b e r 1, 1969. The d e s i g n a n a l y s i s of the c a s k is being r e v i e w e d and 
u p d a t e d to r e f l e c t m i n o r d e s i g n c h a n g e s . This r e v i e w is e x p e c t e d to be c o m ­
p l e t e d d u r i n g the next r e p o r t i n g p e r i o d , so that the e n t i r e p a c k a g e ( d r a w i n g s 
and a n a l y s i s ) c a n be f o r w a r d e d to the AEC for a p p r o v a l . 

Shop w o r k on m o d i f i c a t i o n s to the s p e c i a l f o r m c o n t a i n e r s 
n e c e s s a r y to c o m p l y wi th the r e g u l a t i o n s h a s been c o m p l e t e d . The s p e c i a l 
f o r m c o n t a i n e r s now can be u s e d as DOT Spec . 7A c o n t a i n e r s for s h i p m e n t s 
of Type A q u a n t i t i e s of n o n f i s s i l e r a d i o a c t i v e m a t e r i a l , o r a s c o n t a i n e r s for 
e n c a p s u l a t i o n of f i s s i l e o r n o n f i s s i l e m a t e r i a l for s h i p m e n t a s " s p e c i a l 
f o r m " m a t e r i a l . 

(i i i) P r o o f - t e s t of the M a r k - I I B - 3 I n t e g r a l Sod ium T R E A T L o o p . 
P r i o r to e x p e r i m e n t a l u s e in the me l tdown s t u d i e s of fas t r e a c t o r fuels in 
the T R E A T fac i l i ty , e a c h of the M a r k - I I i n t e g r a l s o d i u m loops is s u b j e c t e d 
to a p r o o f - t e s t , as p r e s c r i b e d by the ASME c o d e . * F o r th i s t e s t , the loop 

*Sect. Ill, Nuclear Pressure Vessels, Boiler and Pressure Vessel Code. 
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must be fully outfitted with external hea te r s , ALIP sodium dr iver , cooling 
l ines, insulation, and sensor c i rcui t s , to permit p ressu re testing of the loop 
to 125% of its rated p re s su re , while operational at the device's rated 
temperature . 

On November 8, 1969, the second Mark-II integral sodium 
loop (the "B-3") was proof-tested to 5000 psig (340 atm) while at 1000°F 
(538°C). The test was pneumatic, using high-purity argon, since the required 
normal fill of 1300 cc of sodium results in a gas-filled volume of about 
600 cc. The contained sodium is pumped through the loop proper at a low 
flow rate, sufficient to ensure the establishment and maintenance of the 
distribution of temperature to be realized during experimental operation of 
the facility. 

For the test, the Mark-IIB-3 loop was suspended from the 
j ib-crane outside the west door of Cell 6, the high-bay of Building 316, 
inside a split hinged can with the bottom of the hinged test can resting on 
the ground, against the loading dock. All control, power, cooling, and 
pressurization equipment was located just inside the partially raised loading 
door. 

The sequence of the test was essentially uneventful. During 
the heatup phase of the test , as the loop temperatures exceeded 500°F, wisps 
of white vapor or "smoke" began to appear above the top plate and around the 
unsealed through-connector hole for the test-sect ion thermocouples, and 
continued to be emitted as the loop neared and attained test tempera tures . 
This vapor emission was noted to have the color and magnitude typical of 
normal bake-out of the organic binders and adhesives present in the glass-
tape sections used to hold leads and lines in place for permanent anchoring. 
A small leak of silicone coolant could also have contributed to the smoke. 
After the proof test , the can was opened, and residual silicone fluid was 
found on some of the Swagelock connectors, with some visible deposits of 
thin, finely divided sileaceous powder on the interior walls of the can. The 
fluid leak was traced to one of the hose connections outside of the loop can, 
above the top plate; all connections within the loop can were tight. No 
damage of any kind was found, in good agreement with the developmental 
test results from the prototype loop. 

During the pressurizat ion of the loop, the argon pressure 
was raised from the full-bottle value by means of the DYNAIR gas-pressure 
intensifier. The full p ressure of a bottle of argon gas was applied to the 
dump tank, to prevent pressuring the burst disc when the test p ressure 
exceeded the disc-rupture rating. The differential p ressure across the 
burst disc between the loop and the dump tank was held to a maximum of 
3000 psig. 
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Following the test, extensive examination of the loop r e ­
vealed no evidence of any distortion or deformation. Throughout the proof-
test operation of the loop, all control and instrument components functioned 
proper ly . 

(iv) P r e s s u r e Transducers for the Mark-II Integral Sodium 
TREAT Loops. Very little developmental work has been done on t ransient-
p r e s su re instrumentation for high-temperature liquid-metal sys tems, either 
by the manufacturers of p re s su re t ransducers or by research organizations. 
Such instrumentation as exists for liquid-metal-filled systems has required 
adaptation of conventional, commercially available t ransducers developed 
for s team, process liquids, or rocketry; for remote - reading, s low-response 
demands, this has presented no problem, even in the extreme environments 
of operating nuclear r eac to r s . However, the requirement of transient 
instrumentation for close-coupling of the sensors to liquid-metal-filled 
facilities at elevated tennperatures and in high-level radiation fields renders 
the adaptations extremely difficult. 

At ANL, some success has been realized in the application 
of readily available p re s su re t ransducers to sodium loops,* with the result 
that useful experimental p ressu re data has been obtained from the meltdown 
studies of fast reactor fuels in the TREAT facility. 

At the time of the preparation of the Mark-I Integral Sodium 
TREAT loops, the p re s su re t ransducers considered to offer the best overall 
charac te r i s t i cs for adaptation to the sodium-filled flow system were un­
bonded s t ra in-gage bridge sensors . There were several competitive t r an s ­
ducers , essential ly of the same type, and differing only in the method of 
s t ra in-gage support within the t ransducer body.' The 1/2- to 5/8-in.-
diameter t ransducers selected were attached to the system by means of a 
tubular MaK-filled stand-off technique, to provide physical isolation of the 
sensor diaphragm, and a thermal isolation of the t ransducer as a whole 
from the high- temperature environment of the loop. 

The sensors used for the Mark-I loop had been successfully 
used in s teady-state nuclear radiation fields at LASL. They consist of un­
bonded s t ra in wi res , wound on insulating posts between opposing double s ta r -
springs which are mechanically coupled to the actuating diaphragm, as the 
active a r m s of a res is tance bridge, with the inactive a rms made of the same 
strain wire and wound on fixed supports anchored to the transducer-housing 
b a s e . 

Dur ing m e l t d o w n e x p e r i m e n t s in the T R E A T fac i l i ty us ing 
the M a r k - I l o o p s , t h e s e t r a n s d u c e r s f u r n i s h e d u s a b l e p r e s s u r e - p u l s e d a t a , 
but e x h i b i t e d s p u r i o u s e l e c t r i c a l i m b a l a n c e a s a r e s u l t of the e x t r e m e 

•Robinson, L. E.,and Purviance,R. T., Pressure Transducers for TREAT Sodium Loops, ANL-7107 (June 1969). 
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r ad i a t i on l e v e l s , a s h igh as 40% of full s c a l e . P r e s s u r e p u l s e s having r i s e -
t i m e s of 1 to 5 m s e c , and a m p l i t u d e s to g r e a t e r than 200% full r a n g e (with 
150-ps ig s e n s o r s ) w e r e r e c o r d e d . P e r m a n e n t d e f o r m a t i o n s of the t r a n s ­
d u c e r d i a p h r a g m , which r e s u l t e d in p o s t - t r a n s i e n t u n b a l a n c e equ iva l en t to 
nega t ive p r e s s u r e s of 60 p s i g , w e r e e x p e r i e n c e d , wi thout d e s t r o y i n g the 
function of the t r a n s d u c e r . 

The high r a d i a t i o n s e n s i t i v i t y of t h e s e unbonded s t r a i n - g a g e 
t r a n s d u c e r s r e s u l t i n g in l a r g e , s m o o t h , r e l a t i v e l y c o n s i s t e n t s p u r i o u s output, 
with we l l -de f ined c h a r a c t e r i s t i c s h a p e s * p r o m p t e d a cont inuing s e a r c h for a 
p r e s s u r e t r a n s d u c e r b e t t e r su i t ed to the e n v i r o n m e n t of h i g h - p o w e r - d e n s i t y 
s o d i u m - c o o l e d r e a c t o r s . 

T h u s , for the M a r k - I I i n t e g r a l s o d i u m loop , a v a r i a b l e -
i m p e d a n c e t r a n s d u c e r , deve loped for b l a s t i n s t r u m e n t a t i o n , s e e m e d to offer 
the d e s i r e d p r o p e r t i e s , inc luding 

1) low r a d i a t i o n s e n s i t i v i t y (~3% at 10 nvt) 
2) h i g h - f r e q u e n c y r e s p o n s e ( >40 k c , n a t u r a l f r equency) 
3) h i g h - t e m p e r a t u r e r a t ing (600°F, o p e r a t i o n a l ) 
4) high e l e c t r i c a l output (~40 m v FS) 
5) s o d i u m c o m p a t i b i l i t y (no m e c h a n i c a l coupl ing) 

The v a r i a b l e - i m p e d a n c e m o d e l c h o s e n w a s a s t a n d a r d 
uni t , modi f ied wi th the in le t n o z z l e j a c k e t e d wi th a c o p p e r r a d i a t o r , for use 
with the NaK-f i l l ed loop s tand-off . 

C a l i b r a t i o n s of the t r a n s d u c e r s wi th NaK e d d y - c u r r e n t 
coupl ing, and s u b s e q u e n t bench t e s t s , i n d i c a t e d the d e v i c e s to p e r f o r m as 
speci f ied and p r e d i c t e d . H o w e v e r , on the a c t u a l app l i ca t i on of the s e n s o r s 
to the M a r k - I I loops dur ing outf i t t ing, de fec t s w e r e found to have deve loped 
in 62% of the t r a n s d u c e r s p u r c h a s e d . The s e n s i n g - c o i l l e a d s w e r e b r o k e n 
at the point of connec t ion of the co i l w i r e to the l ead w i r e . Th i s connec t ion 
has been s i l v e r - s o l d e r e d , the flux not r e m o v e d , and b r e a k a g e o c c u r r e d as a 
r e s u l t of flux c o r r o s i o n , enhanced by m e c h a n i c a l s t r e s s e s i n t r o d u c e d by 
a s s e m b l y t e c h n i q u e s . 

In addi t ion to the c o i l - l e a d b r e a k a g e , the 0 . 0 6 2 - i n . - d i a m e t e r , 
M g O - i n s u l a t e d , s t a i n l e s s s t e e l - s h e a t h e d N i c h r o m e w i r e u s e d a s the coax ia l 
cab le connec t ion to the p r e s s u r e t r a n s d u c e r p r o v e d to be e x t r e m e l y difficult 
to s e a l a g a i n s t m o i s t u r e , u n d e r the b e s t of c o n d i t i o n s . N o r m a l handl ing of 
the cable a f te r s ea l ing ef fec t ive ly d e s t r o y e d the i n t e g r i t y of the s e a l . The 
1-Mc exc i ta t ion of the t r a n s d u c e r , t uned for p h a s e - s h i f t de t ec t i on of m i n u t e 
changes of i m p e d a n c e s t e m m i n g f r o m v a r i a t i o n in the m a g n e t i c - c o u p l i n g 
feedback be tween d i a p h r a g m and s e n s i n g co i l , was found in p r a c t i c a l use to 

Each transducer had to be "calibrated" for its radiation response separately. 
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be i n c r e d i b l y s e n s i t i v e to even p i c o f a r a d c h a n g e s in c i r c u i t c a p a c i t a n c e , and 
to d r i f t e r r a t i c a l l y in a s t a t i c s e t u p . L a r g e , e r r a t i c , z e r o shi f ts and e x t r e m e 
s e n s i t i v i t y to t e m p e r a t u r e g r a d i e n t s w e r e e n c o u n t e r e d r o u t i n e l y wi th a l l 
u n i t s . O t h e r p r o b l e m s of the v a r i a b l e - i m p e d a n c e t r a n s d u c e r i nc luded a d d i ­
t i o n a l d e t e r i o r a t i o n in s t o r a g e , s e n s i t i v i t y to n e c e s s a r y sh ipp ing s h o c k s , 
and f r e q u e n t f a i l u r e s of the o s c i l l a t o r - d e m o d u l a t o r e x c i t a t i o n - o u t p u t m o d u l e . 

Dur ing a p r e l i m i n a r y t r a n s d u c e r t e s t in T R E A T , a v a r i a b l e -
i m p e d a n c e p r e s s u r e t r a n s d u c e r exh ib i t ed -30% f u l l - s c a l e r a d i a t i o n s p u r i o u s 
s i g n a l . 

Fo l lowing the p r o b l e m s wi th the v a r i a b l e - i m p e d a n c e 
p r e s s u r e t r a n s d u c e r , a u s e d , o b s o l e t e t r a n s d u c e r was ob ta ined ; th i s uni t 
w a s o r i g i n a l l y d e s i g n e d to r e s i s t r a d i a t i o n e f fec t s . It is an unbonded 
s t r a i n - g a g e b r i d g e t r a n s d u c e r , s i m i l a r to the ones u s e d e a r l i e r on the 
M a r k - I l o o p s , but f a b r i c a t e d wholly wi th r a d i a t i o n - r e s i s t a n t i n o r g a n i c 
m a t e r i a l s . 

F o r the two checkou t t e s t s wi th the P r o t o t y p e M a r k - I I i n t e ­
g r a l l oop* the v a r i a b l e - i m p e d a n c e t r a n s d u c e r w a s u s e d at the t e s t - s e c t i o n 
ou t l e t , and the o b s o l e t e s t r a i n - g a g e t r a n s d u c e r w a s u s e d at the t e s t s e c t i o n 
i n l e t . The l a t t e r s e n s o r showed ~10% f u l l - s c a l e r a d i a t i o n s e n s i t i v i t y 
( i m p r o v e m e n t by a f ac to r of 4 o v e r the uni t s u s e d on the M a r k - I loop , for 
s i m i l a r e x p o s u r e ) . T h i s s t r a i n - g a g e s e n s o r has p r o v e n to be u n c o m p l i c a t e d 
in u s e , wi th low s e n s i t i v i t y to t h e r m a l g r a d i e n t s . 

S ince t he in le t t r a n s d u c e r on the p r o t o t y p e loop had been 
r e p l a c e d in the m a n u f a c t u r e r ' s l ine by a m o r e " a d v a n c e d " d e v i c e , one of 
the " i m p r o v e d " t r a n s d u c e r s was sub jec t ed to a T R E A T p o w e r t r a n s i e n t . 
A l though t h i s s e n s o r ( a c c o r d i n g to m a n u f a c t u r e r ' s data) had s u r p a s s e d , in 
a l l r e s p e c t s , t he e a r l i e r m o d e l in p e r f o r m a n c e in a n u m b e r of p o w e r -
g e n e r a t i n g , s t e a d y - s t a t e n u c l e a r r e a c t o r s , the new dev ice wi th i t s t h i n - f i l m 
s t r a i n b r i d g e r e s p o n d e d to the s h o r t - t i m e , v e r y high r a d i a t i o n of T R E A T 
wi th a wi ld ly e r r a t i c e l e c t r i c a l output s igna l of e x t r e m e a m p l i t u d e s . 

A p p a r e n t l y , the e x t r e m e b u r s t r a d i a t i o n of the t r a n s i e n t 
c a u s e d the thin c e r a m i c s u b s t r a t e of the t h i n - f i l m s t r a i n e l e m e n t to ac t a s 
a s e m i c o n d u c t o r , p r o d u c i n g s u c c e s s i v e a v a l a n c h e s of c h a r g e be tween input 
and ou tpu t . 

A r r a n g e m e n t s have been m a d e for p r o c u r e m e n t of 10 t r a n s ­
d u c e r s of the s a m e m o d e l u s e d a t the in le t of the P r o t o t y p e loop . Unlike the 
t r a n s d u c e r s u s e d on the M a r k - I loop (or the v a r i a b l e - i m p e d a n c e t r a n s ­
d u c e r s ) , t h e s e do not a l w a y s r e q u i r e a u x i l i a r y coo l ing . A u x i l i a r y cool ing 

*See Reactor Development Progress Reports for July, September, and October, 1969 ANL-7596, p. 116; 
ANL-7618, p. 128; and ANL-7632, pp. 131-134. 
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had been required routinely on both Mark-I and Mark-II loops to el im­
inate electrical unbalance due to temperature gradients in the t ransducer . 
The inlet transducer on the prototype loop was run without cooling. 

b. TREAT Operations (J. F . Boland) 

(i) Reactor Operations. The final transient tests were run on 
ORNL experiments TR-1 and TR-2 containing stainless steel-clad sphere-
pac and pelleted PUO2-UO2 fuel. Pos t - t rans ient neutron radiographs were 
made of the experimental capsules, and the capsules were shipped to ORNL 
for disassembly. 

A group of experimental capsules was neutron radiographed 
for INC. 

The reactor has been shut down since Nov. 4 to permit 
TREAT personnel to ass is t the EBR-II Project during their shutdown. 
Concurrently, modifications a re being made to the TREAT instrument room 
for installation of equipment for the automatic control system, and some of 
the existing TREAT control-rod-drive mechanisms are being overhauled. 

(ii) Development of Automatic Power- level-control System. 
The contractor has finally received acceptable cylinders for the hydraulic 
actuators, and delivery of the hydraulic control-rod-drive system is sched­
uled for mid-January. 

4. Violent Boiling (R. O. Ivins) 

a. Par t ic le Heat- t ransfer Studies (D. R. Armstrong) 

Last Reported: ANL-7595, p. 120 (July 1969). 

The first draft of the work plan for this work has been 
completed. 

b. Violent Boiling with Molten Fuel and Sodium (D. R. Armstrong) 

(i) Pressure-genera t ion Experiments by Dropping Molten 
Material into Coolant 

Last Reported: ANL-7606, pp. 132-133 (Aug 1969). 

An operable induction-coil design has been developed for 
use in melting UO2 for studies of the sodi\Jm-U02 interaction. Several 
tr ial experiments used a tungsten crucible equipped with a plug valve at 
the bottom. In these tes t s , the crucible was filled with 40 gm of UOj and 
heated to ~200°C above the melting point of UO2. In the most recent 
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experiment the plug could not be pulled from the crucible to release the 
liquid UOj. This malfunction might be due either to sintering together of 
the valve components at high tempera tures , or to a high viscosity of liquid 
UOj. The crucible will be sectioned and examined to determine which 
effect predominated. 

The drop-experiment apparatus is being removed from the 
furnace chamber in preparat ion for the installation of equipment to be used 
for injecting liquid sodium into UO2. A second work station for the 100-kW 
induction generator has been installed in a hel ium-atmosphere module 
Cenham glovebox, and a UOj drop experiment is being set up in this glove­
box. An open-top tungsten crucible will be heated inductively, then rotated 
180°, to drop the contents into a pool of sodium. 

5. Post-accident Heat Removal (R. O. Ivins) 

a. Engineering Analysis (J. C. Hesson) 

Last Reported: ANL-7618, p. 135 (Sept 1969). 

(i) Thermally Stable Fuel-debris Configurations in Sodium. 
Analyses of heat removal from collapsed or molten cores under liquid 
sodium are continuing, and include studies of sizes and geometr ies of 
"thermally stable" configurations, i .e. , configurations that are in thermal 
equilibrium with surroundings and do not erupt because of internal boiling 
or undergo significant geometry changes. 

In the cases of spheres , cylinde»rs, and slabs where there 
is no internal convection due to circulation (heat t ransfer by conduction 
only), the maximum diameters or thickness of these shapes to avoid in­
ternal boiling a r e : 

Sphere d . , / i l i l i l b j i i 

C y l i n d e r a 

S lab 

16 k ( T ^ - T3) . 

8k(T, - T J 

where d = diameter or thickness (cm), k = thermal conductivity of fuel 
ma te r i a l (assumed equal for liquid and solid) (ca l / sec-cm-°C) , T^ = boiling 
t empera tu re (°C), T^ = surface tempera ture (°C), and q = decay heat rate 
( c a l / s e c - c m ' ) . Computed values of d as a function of q for k = 0.005 c a l / 
s ec -cm-°C, T̂ ^ = 3179°C, and T = 900°C are shown in Fig. IV.A.l. 
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Decay Heal, % of Reoctor Power 

Fig. IV.A.l 

Calculated Maximum Thickness or 
Diameter of a Slab, Cylinder, or 
Sphere for No Fuel Boiling, where 
Tg = 900OC, T^ = 31790C, and 
k = 0.005 cal/sec-cm-°C 

Decay Hedt, q, cal/sec-cm^ 

In the c a s e of a h o r i z o n t a l s l a b , c a l cu l a t i ons of the effect 
due to i n t e r n a l c i r c u l a t i o n of the m o l t e n fuel m a t e r i a l w e r e m a d e . T h e s e 
ca lcu la t ions used the following va lue s for m o l t e n fuel m a t e r i a l : T^ = f r e e z ­
ing t e m p e r a t u r e , 284Z°C, p = dens i t y , 8.7 g m / c m ^ , Cp = spec i f ic hea t , 
0.114 c a l / g m - ° C , /i = v i s c o s i t y , 0.01 p o i s e , and j3 = coeff ic ient of t h e r m a l 

expansion 10" / c c m / c m °C. 

C a l c u l a t i o n s w e r e m a d e by us ing a modi f ica t ion of c o r ­
re l a t ions for hea t t r a n s f e r by convec t ion be tween h o r i z o n t a l p l a t e s . 

Va lues of the c a l c u l a t e d t h i c k n e s s d for the s l ab a r e shown 
in F i g . IV.A. l and i l l u s t r a t e the effects of convec t ion in the h o r i z o n t a l s l ab . 
Note that the effects b e c o m e m o r e p ronounced at l ower r a t e s of d e c a y - h e a t 
g e n e r a t i o n . 

Ana ly t i ca l work is being con t inued . 

B. E n g i n e e r e d Safety F e a t u r e s - - S a f e t y F e a t u r e s T e c h n o l o g y - -
R e s e a r c h and D e v e l o p m e n t - - C o n t a i n m e n t 

1. Hydrodynamic Response to H i g h - E n e r g y E x c u r s i o n (Y. W. Chang) 

Las t Repor ted : ANL-7618 , pp. 135-138 (Sept 1969). 

a. Au tomat i c Rezoning of Code to Ex tend E x c u r s i o n T r e a t m e n t 
into S o d i u m - m o m e n t u m Domain 

Not p r e v i o u s l y r e p o r t e d . 

The REXCO-H Code w o r k s wel l in the s h o c k - w a v e domain and 
in the e a r l y p a r t of the l i q u i d - m o m e n t u m d o m a i n . H o w e v e r , a s m e s h e s 
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b e c o m e s e v e r e l y d i s t o r t e d , the c o m p u t e r r e s u l t s b e c o m e i n a c c u r a t e . R e -
zon ing of the L a g r a n g i a n m e s h e s was c o n s i d e r e d a p o s s i b l e r e m e d y for t h e s e 
d i f f i c u l t i e s . It w a s d e c i d e d to deve lop a r ezon ing m e t h o d and a c o m p u t e r 
code so tha t the r e z o n i n g can be a c c o m p l i s h e d a u t o m a t i c a l l y by the c o m p u t e r . 

The r e z o n i n g code wi l l be w r i t t e n e n t i r e l y independen t ly of the 
h y d r o d y n a m i c s c o d e . The h y d r o d y n a m i c s code would be run wi th the p u r e 
L a g r a n g i a n c o d e ; when the m e s h beg ins to get s o m e w h a t d i s t o r t e d , it would 
be s t o p p e d , and the r e z o n i n g code would t ake ove r and s m o o t h out the m e s h ; 
t h e r e would be no t i m e change du r ing the r ezon ing o p e r a t i o n . The s m o o t h e d 
m e s h would be p a s s e d back to the h y d r o d y n a m i c s code for m o r e c a l c u l a t i o n s . 
By th i s p r o c e s s of i n f r equen t u s e of the r e z o n i n g , it is hoped tha t the m e s h 
d i s t o r t i o n s can be a l l e v i a t e d suff ic ient ly to p e r m i t the p r o b l e m to run 
s a t i s f a c t o r i l y . 

T h e r e a r e d i s a d v a n t a g e s in the r ezon ing p r o c e s s . F o r e x a m p l e , 
a f t e r r e z o n i n g , the o r i g i n a l ou t l ines of the i n t e r f a c e s a r e d e s t r o y e d , and the 
d i s p l a c e m e n t s of the L a g r a n g i a n g r i d s a r e no l o n g e r the a c t u a l m o v e m e n t s 
of t he p a r t i c l e s . M o r e o v e r , the t r a n s p o r t of m a t e r i a l f r o m one zone to 
a n o t h e r a s a r e s u l t of r ezon ing often c r e a t e s d i f f icu l t ies in the f o r m u l a t i o n 
of t he e q u a t i o n of s t a t e if two zones a r e m a d e of two d i f fe ren t m a t e r i a l s . 
Af te r c a r e f u l s tudy of the p a t t e r n s of zone d e f o r m a t i o n , it was found tha t the 
z o n e s at the i n t e r f a c e s of two m e d i a having d i f fe ren t p h y s i c a l p r o p e r t i e s 
w e r e u s u a l l y d e f o r m e d f i r s t . T h u s , if the d i s t o r t i o n s at s u c h i n t e r f a c e s can 
be e l i m i n a t e d o r s l owed down, the h y d r o d y n a m i c s c o m p u t a t i o n can be e x ­
t e n d e d to a m u c h l o n g e r t i m e wi thout the u s e of the r ezon ing p r o c e s s . 
T h e r e f o r e , a s an i n t e r m e d i a t e s t ep to ex tend the c o m p u t a t i o n t i m e , two 
m e t h o d s have been d e v e l o p e d : (1) a s i n g l e - l i n e - v e s s e l m e t h o d , wh ich 
p e r m i t s a r e a c t o r v e s s e l to be r e p r e s e n t e d by a s ing l e l ine and wh ich p e r ­
m i t s s o d i u m to s l i de f r e e l y along the v e s s e l w a l l and thus e l i m i n a t e zone 
d i s t o r t i o n s , and (2) a n e a r e s t - n e i g h b o r - h y d r o d y n a m i c s m e t h o d , wh ich 
p e r m i t s the p r e s s u r e g r a d i e n t s to be c a l c u l a t e d f r o m the n e a r e s t n e i g h b o r 
m e s h po in t s and thus to r e d u c e the i n a c c u r a c y of the f i n i t e - d i f f e r e n c e e x ­
p r e s s i o n i n t r o d u c e d f r o m zone d i s t o r t i o n s . Both m e t h o d s have been p r o ­
g r a m m e d in F O R T R A N and a r e being s t u d i e d . 

b . S e l e c t i o n of T e m p e r a t u r e - d e p e n d e n t Equa t ion of S ta te 

Not p r e v i o u s l y r e p o r t e d . 

The o b j e c t i v e is to s e l e c t a su i t ab l e equa t ion of s t a t e for r e a c t o r 
m a t e r i a l s t ha t not only r e l a t e s the t h e r m o d y n a m i c v a r i a b l e s [ p r e s s u r e , t e m ­
p e r a t u r e (or ene rgy^ , and v o l u m e ] , but a l s o con ta ins t e m p e r a t u r e - d e p e n d e n t 
p a r a m e t e r s . A s tudy of a v a i l a b l e t y p e s of equa t i ons of s t a t e i n d i c a t e s t h a t , 
for p r e s s u r e s be low s e v e r a l h u n d r e d s of k i l o b a r s , the m o s t su i t ab l e 
e q u a t i o n of s t a t e for s t e e l and s o d i u m is the M u r n a g h a n * equa t ion of s t a t e : 

•Murnaghan, F. D., The Compressibility of Media under Extreme Pressures, Proc. Nat. Acad. Sci., 30, 244-247 
(1944). 
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P = 50 m 
w h e r e P is the p r e s s u r e , V and Vo a r e the d e f o r m e d and u n d e f o r m e d vo l ­
u m e s , r e s p e c t i v e l y , and BQ and B ' a r e the bulk m o d u l u s and i ts p r e s s u r e 
d e r i v a t i v e , r e s p e c t i v e l y . This equa t ion w a s f i r s t d e r i v e d by M u r n a g h a n in 
a di f ferent f o r m . In M u r n a g h a n ' s o r i g i n a l d e r i v a t i o n , Bg and B^ a r e two 
cons t an t s c o r r e s p o n d i n g to a fixed t e m p e r a t u r e , u sua l ly r o o m t e m p e r a t u r e . 
H e r e , th is equat ion has been g e n e r a l i z e d to a r b i t r a r y t e m p e r a t u r e by 
a s s u m i n g BQ and B^ to be t e m p e r a t u r e - d e p e n d e n t p a r a m e t e r s . 

The advan tage of us ing th i s type of equat ion of s t a t e is that the 
P - V c u r v e can be d e t e r m i n e d ea s i l y f r o m BQ and B ' , which a r e g e n e r a l l y 
a v a i l a b l e . A l s o , the t e m p e r a t u r e dependence of B ' i s v e r y s m a l l . W h e r e the 
t e m p e r a t u r e dependence of BJ is not known, B ' can be t a k e n to be cons t an t and 
e s t i m a t e d f r o m the M i e - G r u n e i s e n coeff ic ient 7 . T h u s , P - V c u r v e s a t v a r ­
ious t e m p e r a t u r e s can a lways be eva lua t ed if the v a l u e s of BQ and 7 a r e 
known. The ana ly t i c e x p r e s s i o n of BQ for Type 304 s t a i n l e s s s t e e l is 

Bo = 507.773192 + 4 .29589426T - 5.53011636 x lO'^T^ 

+ 1.72803701 X I O - ' T ^ for 366 < T < 1530, (2) 

and for l iquid sod ium is 

Bo = 74.7680242 - 5.0457584 x lO '^T 

+ 9.70732025 x lO'^T^ for 372 < T < 1650, (3) 

w h e r e BQ is in k i l o b a r s and T is in ''K. The v a l u e s * of BQ a r e l e a s t - s q u a r e s 
fitted by use of the c o m p u t e r . The t e m p e r a t u r e dependence of BQ for 
Type 304 s t a i n l e s s s t e e l and l iquid s o d i u m in not known. F o r the p r e s e n t 
inves t iga t ion , they a r e t aken to be 5.0 and 3.59, r e s p e c t i v e l y . F i g u r e IV.B. l 
shows two P - V c u r v e s for s o d i u m , one at 372°K and the o t h e r a t 1650°K, 
plot ted f rom Eq . (1) us ing va lue s of BQ and B^ a s given by E q . (3). At high 
t e m p e r a t u r e , s o d i u m b e c o m e s e x t r e m e l y c o m p r e s s i b l e . 

O.G 0.7 08 
Relative Volume. V/V„ 

Fig. IV.B.l 

P-V Curves for Sodium at 
T = 372 and 1650OK 

Garofala.F., Temperature Dependenceof the Elastic Moduli of Several Stainless Steels, Proc. ASTM.M, 738 
(1960); Golden, G. H., andTokar, J. V., Thermophysical Properties of Sodium, ANL-7323,( Aug 1967) pp. 95-100. 
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